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Abbreviation

pL=Micro liter.
pm=Micro meter.
Ab=Antibiotic.
B=Breaker.
bp=Base pair.
Ca=Calcium.
cm=Centimeter.
DW=dry weight.
Fe=Iron.
gm=Gram.
kb=kilobase.
KO=Knockout.
Mg=Magnesium.
min=Minute.
ml=Milli liter.
mm=Milli meter.
N=Nitrogen.
no=Number.
O/N=Overnight.
PR=Pusa ruby.
Rif=Rifampicin.
sec=Second.
Zn=Zinc.
uM=Micro Molar.

C=Degree Celsius.

Col-0=Columbia-0.

Hyg=Hygromycin.
Kan=Kanamycin.
nM=Nano Molar.
Abs=Absorbance.

APase=Acid Phosphatase.
CDS=Coding sequence.
DAT=Day after treatment.
FW=Fresh weight.
GUS=-glucuronidase.
HM=Homozygous.

Lig. N2=Liquid Nitrogen.
LP=Low Phosphate.
MCT=Microcentrifuge tube.
N2=Liquid Nitrogen.
NaCl=Sodium Chloride.
NaOH=Sodium Hydroxide.
NBT=Nitro blue tetrazolium.
ns=non-significance.
PDS=Phytoene desaturase.
Pi=Inorganic phosphate.
PM=Plasma membrane.
RH=Relative humidity.
WP=Whole Plants.
DAB=3,3’-Diaminobenzidine.
DDW=Double distilled water.
HP=High Phosphate.
SAP=Secretary Acid Phospha-
tase.

OX=0ver-expression
AVai=Arka Vaibhav
AV=Arka Vikas.

PR=Pusa Ruby.

ROS=Reactive oxygen species.

BCIP=5-Bromo-4-chloro-3-indolyl phos-
phate.

CRISPR=Clustered regularly interspaced
short palindromic repeats.
P1BS=Phosphate Starvation Responsel
binding site.

pNPP=Para-Nitropheny| phosphate.
PSI=Phosphate Starvation Inducible.
PSR=Phosphate Starvation Response.
gPCR=Quantitative Polymerase Chain re-
action.

VIGS=Virus-induced gene silencing.
pSIPAP15=SIPAP15 promoter construct.
PUE=Pi use efficiency.
PAE=Phosphorus acquisition efficiency.
DAT=Days after treatment.
TRV=Tobacco rattle virus.
CaMV=Cauliflower mosaic virus.
MCS=Multiple cloning site.

EV=Empty vector.

SPX= SYGL1 (suppressor of yeast gpal),
Pho81 (CDK inhibitor in yeast PHO
pathway), and XPR1 (xenotropic and pol-
ytropic retrovirus receptor).

MUG= 4-methylumbelliferyl-beta-D-glu-
curonide

PEP=Phosphoenolpyruvate.
IHP=Inositol-hexaphosphate.
AMF=Arbuscular mycorrhizal fungi.

MGR=Mycorrhizal growth response.




GO=Gene ontology.
TFs=Transcription
factors.

mM= Milli molar

BCIP=5-bromo-4-chloro-3-In-
dolyl-phosphate.
PHR1=Phosphate starvation re-
sponse 1.

Chr=Chromosome.
P1BS=PHRL1 binding se-

quence.

MER=Mycorrhizae effectivity ratio.
SYMRK=Symbiotic receptor like kinase.
GH=Gretchen hagen.

Spe=Solanum pennelli.

ICM=Integral component of membrane.




Introduction

Phosphate is a vital macronutrient which is required by plant and all the living organisms for
their growth expansion and development. Phosphate (P), is the second most limiting plant nu-
trient after Nitrogen. It is also the essential component of nucleic acid, cell membrane and ATP.
Nucleic acid such as DNA and RNA are the important genetic component of cell which carries
the information to be translated to proteins for proper functioning of living things. While in
membrane it maintains the cell integrity via protection from different biotic and abiotic stress.
Being an important part of plant various metabolic reactions, signal transduction, energy trans-
fer reaction, photosynthesis and respiration, its limitation causes a major constraint for plant
productivity in natural environment. Therefore, a holistic approach is needed to combine Pi-
use efficient germplasm with the targeted fertilization, agronomically superior fertilizer
formulations for improved growth of plant via use of organisms such as PSB (phosphate
solubilizing bacteria), AMF (arbuscular mycorrhizae fungi). While use of Omics approach
was used to identify and target candidate genes having role in improving PAE (phosphate
acquisition efficiency) and PUE (phosphate use efficiency) have provided a new dimen-
sion in betterment of plant overall growth.

1. Soil Phosphorus (P) Status: Assessing and Managing Nutrient Levels

Soils around the globe vary greatly from very high to very low in terms of the spatial
distribution. M acDonald et al. (2011) has suggested that the soils in the majority of
global agrosystems (~ 70 %) is rich in P [1]. Despite this, only asmall percentage of
soil P is often available to plants. A large fraction, amounting up to 80 %, of total soil P is
available in its organic form, especially as phytic acid (inositol hexaphosphate) [2,3]. The
Pi absorbed by roots from the soils are mainly available in its orthophosphate forms such
as H2PO4 or HPO42 [4]. There are two primary P sources in the soils, (i) the native P and
(i) externally applied P, as organic or inorganic complexes. The bioavailability of Pi is
generally limited in the soils due to its rapid fixation with cations such as Ca, Al, and Fe
[5][6]. These insoluble complexes together with the organic P pools (mainly the decom-
posed parts of the living organisms) make it poorly mobile in the soils [6]. To cope with
Pi limitations, plants have acquired several adaptive strategies, collectively called Pi star-
vation responses (PSRs). These adaptive measures are employed to improve Pi uptake and
internal mobilization for its better access to plants [7-9]. According to an estimation, about

half of the agricultural soils worldwide are deficient in P [10]. Such deficiency in soils is




either because of inadequate P replenishment into agrosystems (more likely in developing
countries with limited access to fertilizers) or due to its fixation, which renders soil P un-
available to plants [11]. Thus, soil P may be copious in the soils of some regions, but its
unrestricted availability to plants is not guaranteed. Therefore, chemical Pi-fertilizers are
routinely applied to replenish the inorganic and bioavailable P deficiency in agricultural
systems [12]. The bioavailability of P is strongly affected by soil pH as mildly acidic soil
pH favours its maximum solubility and plant availability. The formation of iron (Fe) and
aluminum (Al) phosphate minerals such as strengite (FePO4.2H.0) and variscite
(AIPO4.2H20), respectively, reduce its bioavailability in strongly acidic soil [13]. Like-
wise, in the alkaline pH (around 8), soil Pi reacts with calcium (Ca) and form insoluble
Ca-Pi complexes [14-16]

2. World Phosphate Rock Reserve Status: Availability and Global Distribution

P-reserves are a non-renewable resource that is asymmetrically distributed globally.
Three countries, including Morocco and Western Sahara (71 %), China (4.8 %), and Al-
geria (3 %), together hold most of the global natural rock phosphorous (RP) reserves
(Survey USG 2020). The majority of the developing countries lack large natural indige-
nous P-reserves and meet their demand by importing RPs or finished fertilizers. In past
decades, the production and demand for Pi-fertilizers has steadily increased (Fig. 1).
Numerous statistical analyses predict that the demand for Pi would further increase and
reach its peak by 2030 [17]. Although there is no consensus on the exact time of the
complete depletion of RPs, P-reserves are anticipated to exhaust in the next few hundred
years [18-20]. Thus, a potential P crisis is imminent in the recent future that would chal-

lenge the sustainability of agriculture.
3. Strategies for phosphate Acquisition and Utilization

Plant response to low Pi involve series of changes at morpho-physiological and molecular
level. Developmental changes include primarily the modification of RSA (root system archi-
tecture) such as the development of proteoid roots and cluster roots, hence providing the en-

vironment for uptake of Pi from rhizosphere. PSRs are classified into local and systemic re
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Fig 1: Global production of Pi fertilizer and annual subsidy outgo for P&K fertilizer.

Data was obtained from FAO website. (Srivastava et al., 2021)

sponses [21,22]. The profound structural modifications in plants under Pi deficiency un-
arguably occur in the root system architecture (RSA), a localized PSR [23,24]. Modifica-
tions in root system are triggered by local alterations in external Pi and sensed by the root
tip under depleted Pi conditions [25]. As plants assimilate Pi primarily via roots, the re-
programming of RSA under Pi deficiency is advantageous to improve nutrients foraging.
Altered primary root length, increased lateral roots, and longer and denser root hairs
are some of the well-studied morphological changes observed in the roots of Pi-deficient
plants [26-28]. Formation of cluster roots and a decrease of root angles to a shallower
position also occur in Pi-deprived plants [29-31]. The development and functioning of
cluster roots in white lupin and the Proteaceae family members is a well-studied strategy
by plants to maximize Pi uptake from its enriched patches in the soils [32—35]. Since
cluster roots in Proteaceae members are more prominent in the top layers of the soils,
secretion of organic acids strategy is preferred over the P scavenging through root exten-
sion to mobilize sparingly available Pi [36]. The decreased growth angle of basal
roots is also considered an effective strategy to maximize Pi-acquisition from the top lay-
ers of the soil in several plant species [37,38]. Although RSA modification isa common
adaptive response in plants subjected to Pi deficiency, comparison of the low Pi-induced
RSA in Arabidopsis and several other crop germplasms indicates that such response is
genetically determined and is highly species-specific [39-43].

4. Metabolic adaptations to increasing P availability in rhizosphere

Secretion of organic acids, protons, phosphatases, or ribonucleases by roots in the rhizo-

sphere is an efficient mechanism adopted by plants to improve Pi-acquisition from the




organic P and insoluble-Pi mineral complexes in the soils [11,44,45]. It is a localized PSR
that helps mobilize and enhance the bioavailability of the available Pi in the soils [46].
Releasing protons or organic acids by Pi-deficient roots causes acidification of the rhizo-
sphere. Consequent mineralization of insoluble Pi-complexes or organic P compounds
results in the release of Pi in the rhizosphere. Root exudation of carboxylates such as citrate,
malate, and oxalate mobilizes Pi from Al, Fe, or Ca complexes through chelation and
ligand exchanges in the rhizosphere [47]. In this context, the role of malate not only in the
mineralization of soil bound P but also in controlling RSA under Pi depletion is well stud-
ied. A low Pi supply promoted organic acids exudation and simultaneously enhanced Fe
absorption during its deficiency in apples. Another critical strategy to improve Pi-miner-
alization is the secretion of phosphatases or phytases by Pi-starved roots. Their release
mobilizes Pi from the organic phosphate complexes through enzyme catalyzed hydrolysis
[47]. A large body of evidence has demonstrated the induction of numerous phosphatases
encoding genes in many plant species under Pi deficiency [48-52]. Several purple acid
phosphatases (PAPs) and haloacid halogenases have been implicated to increase PUE
and PAE in plants.

5. Optimizing phosphate balance: A Comprehensive Approach to Plant Nutrient
Management

5.1 Role of Purple acid phosphatase: Empowering PAE and PUE

Purple acid phosphatases (PAPs; EC 3.1.3.2) are members of metallo-phosphoesterase family of
binuclear metal containing acid hydrolases. These enzymes are ubiquitously present in animals,
plants, bacteria, and fungi. PAPs hydrolyze a wide range of phosphomonoester and amide sub-
strates and develop a peculiar purple or pink color in solution [53-55]. These enzymes were first
discovered in mammals. Since then, several PAP isoforms have also been purified from plant
tissues [51,56,57]. The binuclear metal center of these enzymes in its active form consists of
either Fe (111)-Me (1) where Me stands for iron, zinc, or manganese [58]. Between the two, while
only the Fe(lll) is a chromophoric metal ion, but both metals are crucial for the function of the
enzymes, and they need to have different oxidation states [59-61]. Mutations in these respec-
tive metal ion binding sites often result in the loss of enzymatic activity [62]. Usually, seven
invariant metal binding amino acid residues (DXG/GDXXY/GNH(D/E)/VXXH/GHXH; bold
letters indicate metal-ligating residues), are found in the five conserved motifs present at the
carboxyl end of PAP members. These residues are required for active bimetallic centers and their

activity. For instance, the five conserved blocks of amino acid residues are involved in Fe(l11)—




Fe(I1) binding in mammalian PAPs and, Fe(I11)-Fe(11), Fe (I11)-Zn(11), or Fe(111)-Mg(11) metal
ion binding in plants [63,64]. Owing to their physiological roles in P nutrition and intracellular
homeostasis, the full complement of PAPs have been identified in many plants, including Ara-
bidopsis (29), rice (26), soybean (35), chickpea (25), Jatropha, and Camellia sinensis [57,64—
67].However, the precise physiological role(s) and preferred substrate(s) of many PAPs remain
obscure in plants and warrant further investigations [68]. Based on their molecular weight, plant
PAPs are usually grouped into high molecular weight or large PAPs and low-molecular-weight
or small PAPs [69,70]. Large PAPs are oligomeric proteins with a polypeptide of about 55 kDa
and two domains, whereas small PAPs are monomeric proteins with a polypeptide of 35 kDa and
one domain. While large PAPs are homologous to fungi and mycobacteria enzymes, small PAPs
are closely related to mammalian homologs [53,63,69]. Due to their activation under P deficiency,
plant PAPs are mainly implicated in phosphate (Pi) acquisition and utilization. However, their
other potential roles in the generation of reactive oxygen species [71-73] , flower development
[74], cell wall biosynthesis [75-77], defense response [78], and nitrogen and carbon metabolism
[79] have also emerged. Biochemically, these enzymes have been studied for their catalytic roles
during the hydrolysis of various phosphate complexes, including esters and an- hydrides in the pH
range 47 [63,80]. While a considerable large number of plant PAPs tend to act on a wide range
of substrates, a few phytate-preferential PAPs such as NtPAP, AtPAP15, AtPAP23, GmPhy, and
OsPHY1 have also been identified. The major substrates for non-specific PAPs include ATP,
phosphoenolpyruvate, and phosphoproteins [81][57][65][82—86]. PAPs can be dual targeted, as
in the case of the AtPAP26 gene, which encodes a protein with both intracellular and extracellular
PAP activities [87]. Since the entire range of the functions of PAP members have not been deci-
phered to date, assigning specific roles to many uncharacterized PAPs and finding their pre-
ferred substrates remain a challenge. Nevertheless, a few PAPs have been manipulated in crops
to improve phosphate acquisition efficiency. For example, overexpression of AtPAP15 im-
proves Pi efficiency in soybean [88]. Similarly, overexpression of OsPAP21b and OsPAP26 im-

proves phosphate acquisition, utilization, or remobilization in rice [51][89].
5.2 Intracellular Phosphorus Homeostasis: Balancing Pi Levels

Pi deficiency profoundly affects plants' carbon fixation, glycolysis, and respiration [90].
Reducing the ATP demand to recycle and optimize internal Pi use is another metabolic
strategy to mitigate its deficiency by plants [91]. Activation of inorganic pyrophosphate-
dependent bypass enzymes is crucial for the metabolic adaptations of plants under de-

pleted cellular Pi [92]. Such changes facilitate the carbon flux for the enhanced synthesis




of organic acids in the glycolytic pathway under chronic Pi limitation and help plant sur-
vival under depleted ATP levels [92]. Up-regulation of alternative oxidases in mitochon-
dria also contributes to such adaptation by maintaining the mitochondrial citric acid cycle
and electron transport chain with impaired ATP production, especially under long-term
starvation [93,94]. During Pi starvation, enhanced sugar mobilization from shoot to
roots occurs to support reprogramming of RSA [95,96]. Further, root sugar levels seem
vital for the secretion and activity of root- associated acid phosphatase as a mutation in a
sucrose transporter gene (SUC2) lowered such activity in mutant Arabidopsis seedlings
and impacted Pi uptake [97]. Emerging evidence suggests that exogenous sucrose supply
under Pi starvation conditions enhances the activation level of several Pi starvation induc-
ible (PSI) genes in plants, highlighting the importance of sugar signaling to PSRs [98—
101]. Remodeling of membrane lipids is another prominent alternate mechanism for Pi
uptake under its acute deficiency. In such conditions, membrane phospholipids are con-
verted into galactolipids. First, phospholipids, such as phosphatidylcholine,  phosphati-
dylserine, phosphatidylethanolamine are converted into diacylglycerol (DAG), which
is then converted into galactolipids such as monogalactosyldiacylglycerol (MGDG) or
digalactosyl diacylglycerol (DGDG). MGDG and DGDG synthetases catalyze these reac-
tions [102][103][104]. A recent article published by Dissanayaka et al. (2021) has pro-
vided an in-depth overview of metabolic adaptations during PSRs in plants, including the
mechanisms underlying phospholipid to galacto- and sulpholipid conversation under Pi

starvation [45].
5.3 Alternative Phosphorus Sources and Efficient Recycling

Unearthing alternate Pi sources is critical to reducing over- reliance on the import of RPs.
For example, phosphite (Phi), which has a higher solubility in water and is less prone to
fixation in the soil, may be exploited as an alternate Pi-fertilizer [11]. Attempts have been
made to develop bioengineered plants with the potential to utilize Phi as Pi-fertilizer [105].
Expression of phosphite oxidoreductase (ptxD) enzyme coding gene in Arabidopsis
helped transgenic plants efficiently convert Phi to Pi after its uptake by the roots. These
bioengineered plants only required 50 to 70 % of the original Pi input to achieve maximum
productivity with Phi. Likewise, nuclear expression of ptxD in C. reinhardtii rendered
transgenic lines the advantage of successfully metabolizing Phi as its Pi source [106].
Nonetheless, the natural inability of plants to metabolize Phi combined with high

production cost and toxicity remains a bottleneck in its way to become a sustainable




alternative to Pi-fertilizers. Further, due to its herbicidal properties, the use of Phi is
banned in several European countries. Although the usage of Phi as an alternative Pi-
fertilizer under the present scenario seems unrealistic, the development of Phi metab-
olizing plants which offers an alternative strategy to target both Pi nutrition with
weed control cannot be neglected [11,107,108]. The amount of annually produced organic
waste in big developing countries is enormous. Several available innovative technologies
could be helpful for recycling and extracting Pi from urban, industrial, and agricultural
waste. A few such technologies are already in place in Europe. For instance, sewage
sludge ash is considered one of the best Pi sources across many European countries.
Theoretically, it could meet 40-50 % of annually applied Pi-fertilizer input in agricul-
ture in central Europe [109][110]. However, one of the biggest concerns about
recovering Pi from municipal waste is its contamination with heavy metals and organic
micropollutants. Therefore, modern techniques should be explored to recover Pi from
sewage sludge with minimum contaminants. A cue in this context can be taken from a
recently published article by Egle et al. (2016) [109]. The authors compared a total of 19
relevant Pi recovering technologies by considering their relationships with existing
wastewater and sludge treatments. The outcome indicates that while clean and plant-avail-
able Pi is recoverable from municipal wastewater, the overall recovery remains poor. The
present situation demands further technological innovations to improve the efficiency of
the comprehensive Pi reclamation (Fig. 2).
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Fig 2: Schematic for the cycling of phosphorus in agriculture with emphasis on its
utilization and acquisition from various sources. Diagram illustrates interconnected
components influencing phosphorus dynamics in agricultural systems. Soil erosion and
leaching depict potential pathways for phosphorus displacement and nutrient loss. Ex-
creta disposal represents the deposition of organic waste, serving as a phosphorus
source. Organic P represents the presence of organic forms of phosphorus in the soil. P
source encompasses various inputs like inorganic fertilizers, organic amendments, and
recycled nutrients. P sink signifies the uptake and utilization of phosphorus by plants for
growth. Supplementary feed of P represents the addition of supplemental phosphorus to
meet plant nutrient requirements. Together, these components demonstrate the complex
interplay between soil erosion, nutrient sources, sinks, and management strategies in
phosphorus dynamics.

6. Identification and development of P-use-efficient crops

As per the definition by Hammond and White (2008), PUE is defined as the amount of
total biomass or yield produced per unit of absorbed P [95]. Plants are unable to assimilate
majority of the applied Pi-fertilizers [111]. One of the effective measures that have been
suggested to significantly bring down the scale of Pi-fertilizers input in agricultural sys-
tems is the identification of crop germplasm with better internal PUE and Pi-acquisition.
The high PUE genotypes would efficiently mobilize residual soil P. Although PUE in-
volves a complex set of plant traits, two basic mechanisms are central to it. First, the
root's ability to reclaim residual Pi from the soil (also known as Pi- acquisition efficiency,

PAE; or external PUE). Generally, crops germplasm with higher P scavenging capacity
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is recommended for soils particularly rich in organic P and insoluble Pi-complexes. Sec-
ond, the efficiency of internal remobilization of Pi for sustainable biomass production
(also known as the internal PUE). In the second scenario, crop genotypes which can give
better yield in under-fertilized soils are recommended [112]. While identifying crops
germplasm with better PAE can immediately bring down the amount of Pi-fertilizers used
in agricultural systems, the development of enhanced internal PUE crops holds a long-
term and more desirable sustainable solution [113]. It has been suggested that improving
internal PUE (i.e., economic use of P in plants) for the better utilization of already avail-
able internal Pi pool for biomass production could prove a more resource efficient ap-
proach in plants [114]. For example, high concentrations of P in cereal grains (largely
present in the indigestible bound form as phytate) remains underutilized by human and
animals. Therefore, developing cereal crop genotypes that accumulate less phytate in
their grains but with similar yield potentials would lower P extraction from soils, requir-
ing subsequently less Pi-input to restore soil P balance in the next crop cycle. Although
external PUE accessions are known for several crops such as maize, rice, legumes, Bras-
sica, more efforts should be made to identify such germplasm for all crops [115]. For
identification of high PUE crop accessions, root architectural traits for enhanced Pi for-
aging capacity, such as increased number of lateral roots/lateral root branching, denser
and longer root hairs, more crown/proteoid/cluster/adventitious roots with shallower
growth angles of growth have been suggested [24,112]. For example, both longer and
more dense root hairs are an attribute of Pi-efficient genotypes of common bean [28].
More lateral roots by plants under Pi deficiency improve possibilities of P scavenging
[112]. However, such phenotypes may not always confer increased Pi uptake capacity in
all crops. Further, monitoring these traits in the soils remains highly challenging. While
increased branching capacity of plant roots may enhance their nutrients foraging capacity,
this approach might only partially mitigate the P demand due to the heterogenous distri-
bution of P in the topsoil. Therefore, engineering plants roots responding only to P-
enriched patches in the context of a higher number of lateral roots or localized higher root

hair density in low P soils may offer a better strategy [41,116],

To identify high PUE genotypes, the rhizosphere can be further analyzed for root exudates,
mainly for the protons, organic acids, and hydrolytic enzymes. Pi-efficient genotypes in
several plant species may release a higher volume of organic acids in the rhizosphere than

the Pi-inefficient genotypes [117]. In a recent study, Wen et al. (2019) investigated root
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functional traits under Pi deficiency in 16 crop species and reported that substantial inter-
specific variations exist for these traits among the species[118]. For examples, species
with thinner roots relied more on intense root branching for Pi scavenging whereas species
exhibiting thicker roots depended more on the secretion of root exudates for the mobili-
zation of bound P in the rhizosphere [118]. Similarly, Lyu et al. (2016) reported that leg-
umes such as white lupin and chickpea, lacking the fibrous roots (present in cereal species)
relies more on exudation of organic acids to mobilize Pi in the rhizosphere than wheat and
maize[117]. A root exudation index has been proposed to be useful biomarker for the
identification of genotypes with enhanced PAE [45]. However, during such screening,
care must be taken as this trait is insufficiently consistent and may vary among plant
species. For instance, Pearse et al. (2007) reported that despite the exudation of citrate,
pea could not mobilize Pi from Al-P and Fe-P complexes [119]. It has also been observed
that organic acids become unstable in both acid and calcareous soils and quickly lost after
degradation [120]. Several attempts have already been made to improve PUE in multiple
crops. In this context, Zhang et al. (2014a, b) have provided information on candidate
genes that have been been explored to improve PUE in different crops [9,121]. Although
genotypes with the enhanced secretion of organic acid in the rhizosphere seems an excit-
ing choice, however, it has been reported that in some species the metabolic investment
of the plants in producing these exudates is quite substantial [122—-124]. In some Pro-
teaceae members and white lupin, the volume of secreted products may amount for ~ 25
% of whole plant dry weight [125][126]. In white lupin, up to 25 % of total photosynthates
are diverted as sucrose to cluster roots by Pi-depleted plants to support the enhanced root
exudation in the rhizosphere [127]. Especially under Pi stress, rice root exudates at-
tributed to 2-3 % of total plant biomass [128]. For minimizing the carbon costs, the alter-
native respiratory pathway that is non-phosphorylating in nature (cyanide resistant path-
way and rotenone insensitive pathway) should be focused. This pathway allows respira-
tion to proceed without depleting phosphate or adenylate pools and is induced under Pi-
deprived conditions [129][7]. Similarly, shifting the biomass allocation towards metabol-
ically efficient root classes, such as adventitious roots, can also enable us to efficiently
utilize the soil Pi reserve [130].

Alternatively, improving more efficient internal P usage under its unavailability offer a
better solution. Genotypes with effective P mobilization within plants, such as its mobili-
zation from mature/senescing organs to newly emerging/actively growing organs or its

recycling between vacuoles and cytoplasm for most crops, must be identified. Akhtar et
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al. (2008) demonstrated that efficient Pi internal mobilization contributed to the high PUE
observed in some Brassica cultivars[131]. Early growth and development of germinating
seedlings are supported by seed stored P[132]. The high amount of seed/grain P in cereal
crops remains under metabolized by humans and monogastric herbivores [132]. There-
fore, developing crops with significantly lower seed phytate levels is often advised. How-
ever, low phytate levels may lead to compromised seed vigor, and targeted fertilization
may overcome such a situation. For example, seed coating with Pi-fertilizers, especially
the nano-formulations (such as nano-DAP) could provide a viable solution to compensate
low seed phytate levels[133]. Nonetheless, more investigations are needed to create such
combinations of modified crops and nano-P formulations to assess their performance in
agriculture. Another area to improve internal PUE is by using specific phosphatases in-
volved in internal Pi re-allocation. Acidic phosphatases (APases) are known to libertate Pi
from its monoesters in a mildly acidic pH range[52,134]. PAPs constitute the largest fam-
ily of APases. Several PAPs are known to activate under Pi limitation conditions in plants.
Activation of PAPs in shoot marks their importance in mobilization of Pi form intracellu-
lar monoesters and anhydrides during Pi deprivation or leaf senescence [134][92]. Simi-
larly, activation of root-specific PAPs help mineralize Pi from its extracellular organic
compounds and in-soluble inorganic complexes in the rhizosphere. Although little is
known about phosphatases involved in internal re-allocation of Pi, Tang et al. (2013) have
reported activation of such a gene, LaSAP I, in the roots of Pi-starved white lupin[135].
An Arabidopsis thaliana PAP, AtPAP26, has been found to be critical for vacuolar Pi
recycling during Pi deprivation and leaf senescence [136][45]. Similarly, transcript abun-
dance analysis of AtPAP17 gene using Klepikova Atlas, available at TAIR revealed its
highly specific high expression in the senescent leaf (https://www. arabidop-
sis.org/servlets/TairObject?id=38 | 09&type=locus). Such a gene could be an ideal candidate
for investigating its role in determining internal PUE. Alternatively, enhancing PUE by
tweaking plant metabolism to lower P demand, as described in the earlier section, can be
explored. In this context, metabolic adjustments done by the members of Proteaceae under
Pi deficit conditions are fascinating. One of the critical adjustments undertaken by these
members includes an investment of lower Pi resources in rRNA synthesis, especially plas-
tid rRNA. This adjustment does not favor the production of those enzymes which re-
quires P-containing metabolites during carbohydrate metabolism. It also leads to delinking
of growth from the synthesis of photosynthetic machinery during early leaf development.
Altogether, these adjustment have been found to contribute to a high photosynthetic PUE
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in the Proteaceae species in comparison to Arabidopsis and crops [137]. Further, the role
of sugar signaling in controlling the scale of transcriptional activation of selected PSI genes
is exciting and demands further research for a better understanding on the role of sugars
in controlling PUE.

7. Harnessing Microorganisms for Enhanced Phosphorus Acquisition in Plants

Soil-based microorganisms are important for mobilizing tightly bound soil P to promote
its availability in rhizosphere [116]. Two reactions determine Pi fixation and uptake in
the soils. The first process involves fixation of Pi onto soil particles, whereas the second
involves the solubilization of bound Pi from the available inorganic complexes and or-
ganic P present in the soils[138]. Over decades, the frequent use of chemical fertilizers has
impacted soil health [139]. Long-term P fertilization adversely affects soil fungal and
bacterial diversity in croplands [140,141]. Excessive fertilization also leads to prob-
lems like inhibition of substrate-induced respiration by acitidione (activity observed in
bacteria) and streptomycin sulfate (activity observed in fungus) [142]. Similarly, triple
superphosphate application led to reduced microbial respiration and metabolic quotient
[143]. Considering the side-effects of excessive Pi-fertilization, more environmentally be-
nign approaches such as use of Pi-solubilizing microbes (PSMs) as microbial inoculants
are routinely carried out to improve crop production (Fig. 3).

A vast number of microbial species have been identified with excellent Pi-solubilizing
capacity. Such diversity includes bacteria, fungi, actinomycetes, and some algal species.
Among bacteria, Pseudomonas and Bacillus species are the most well-known Pi-solubil-
izers. Rhodococcus, Arthrohacter, Serratia, Chryseohacterium, Gordonia, Phyllohacte-
rium, Delftia, Azotohacter, Vibrio proteolyticus, Xanthohacter agilis, Xanthomonas, En-
terohacter, Pantoea, and Klehsiella are some of the other significant Pi-solubilizing bac-
teria [34,144-146]. Another excellent example of a Pi-solubilizing bacterium is the sym-
biotic nitrogenous rhizobia Rhizobium leguminosarum. Besides nitrogen fixation, this bac-
teria has been reported to improve plant nutrition by mobilizing Pi from its inorganic and
organic forms [147]. For a comprehensive account of the role of PSMs and strategies in-
volved in facilitating Pi uptake [148]. Pi-solubilizing fungi consist of about 0.1 to 0.5 %
of the total fungal populations in the soils [149]. Fungi are more suitable because these
do not lose their Pi-solubilizing capabilities under laboratory conditions, which often lim-
its the use of bacteria [149][150]. Fungi traveling more distance (even beyond Pi depletion

zones) in the soils via their hyphae greatly increases the possibility of P scavenging. AMFs

15




directly deliver scavenged Pi to the root cortical cells [151]. In return, fungus obtains car-
bohydrates and lipids from the plant [152]. Almost 80 % of plant species are known to
have mycorrhizal associations [153]. Hence, the solubilization of P present in the soil can
be achieved more efficiently by fungi than bacteria [154]. Since AMFs are naturally pre-
sent in most soils, it is often difficult to notice their beneficiary role in Pi uptake in field
conditions. Nevertheless, laboratory-scale pot experiments involving root colonization by
AMF isolates under sterile soil conditions have revealed their positive role in Pi uptake
by plants [155,156]. Among the filamentous fungi, Aspergillus and Penicillium species
are the most significant Pi-solubilizers in the soils [157-159]. A few Rhizoctonia solani
and Trichoderma strains have also been reported as efficient Pi-solubilizers [160,161].
Recently, Srivastava et al. (2021) reported the positive role of Glomus species inoculation
on barley seedlings' growth under the P-optimum nutritional regime[100]. The AMFs-
inoculated barley seedlings accumulated higher biomass with less Pi accumulation. Au-
thors observed significantly enhanced PUE in the AMFs-colonized seedlings over their
non-AMF controls. While low Pi conditions support plant-AMFs interaction, high soil P
conditions are often unfavourable for mycorrhization, although to varying degree in dif-
ferent species[162][163][164][165]. It is important to mention that the degree of success
between plant-fungus association is influenced by host genetic factors as well; which tend
to vary greatly with the change in the host species. A better understanding of the mecha-
nisms underlying mineral uptake in croplands, especially host factors influencing plant
mycorrhiza-mediated mineral nutrition, could be used to develop strategy for a resource-
efficient sustainable agricultural system. Two recent review articles published by Sawers
et al. (2017) and Kobae (2019) are recommended for further reading to understand the
dynamics of the plant-fungus symbiotic associations [152,166]. Altogether, the collected
evidence demonstrates that the native microbes in the rhizosphere help improve nutrient
uptake. However, their commercial application as bio-inoculants has produced mixed re-
sults. One of the reasons for this observation could be that an alien microbe species, used
as a bio-inoculant, can compete with native microbes of the rhizosphere and limit their
overall nutrient-use efficiency. Therefore, knowing native microbe populations associated
with different crops is a prerequisite before using any microbe as a bio-inoculant. Recent
metagenomics studies providing insights into the structure and biodiversity of rhizosphere
microbiomes for different crops in different soils are encouraging. Such information is
useful to understand coevolved diversity and host-microorganisms dynamics. For exam-

ple, Chalasani et al. (2021) recently showed that non-symbiotic Rhizobium species
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predominantly colonizes pigeon pea roots, rather than symbiotic Bradyrhizobium species
in Indian soils [167]. Additionally, the data provided insights into the factors controlling
pigeon pea bacterial community structure. Plant fraction, followed by developmental
stage, soil type, and although the least important yet still a significant factor, plant geno-
types influenced the bacterial community. Similarly, a genome-wide association study tar-
geting to understand population-level microbiome analysis of the rhizospheres of 200
sorghum genotypes revealed a putative plant locus that control the heritability of the rhi-
zosphere microbiome [168]. Such data would be useful in devising effective ways to uti-
lize species-specific bacterial/fungal partners to improve overall fertilizers' nutrient-use

efficiency.

8. Nanofertilizers: Advancing Precision Nutrient Delivery for Sustainable Agricul-
ture

The currently used chemical fertilizers have a major problem with their agronomic effi-
ciency [169]. Currently used mineral fertilizers are inefficient and needed in substantial
quantity to support agricultural systems. Moreover, the granular forms need a massive
amount of water for their dispersal. Advanced technology-based solutions such as nano-
technology are being explored to improve the delivery of the plants’ macro and micronu-
trients (such as P, N, and Zn). For instance, the application of urea-hydroxyapatite nano-
hybrids (for the slow release of nitrogen) in the rice fields significantly enhanced the ag-
ronomic use efficiency of urea. The field trial data clearly showed that the nanohybrids
were translated directly to enhanced plant availability and growth while reducing the ni-
trogen content used by up to 50 % [170]. Similarly, we also noticed the promotion of
vegetative growth of monocot and dicot species after applying a reduced amount of cryo-
milled diammonium phosphate nanoparticles (nDAP) over granular OAP [133]. In this
novel approach, the cryo-milling method was used to produce ~ 5000 times smaller
particles of nDAP over the granular OAP (cDAP). A comparative study using different
concentrations of nDAP and cDAP to investigate their effects on plant growth showed
cDAP grown tomato and wheat seedlings being outperformed in biomass production by
their equimolar nDAP grown counterparts. The nDAP grown seedlings consistently accu-
mulated more Pi than their cDAP grown controls in all concentrations, indicating the ben-
eficial role of reduced-sized Pi-fertilizers in plant growth promotion [171].
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9. Unveiling the hidden marvels: An In-Depth introduction to mycorrhizae

With the advent of fertilizers and pesticides, one of the common strategies employed by man-
kind is to apply them in larger quantities which will untimely lead to the depletion of the nu-
trient reserves by the end of the next century. This necessitates the shift to management prac-
tices that are conducive to the environment. Various research studies suggest the potential use
of bio-fertilizers including microorganisms like Arbuscular Mycorrhizal Fungi (AMF), which
can form a better alternative to curb this problem and enhance crop productivity. AMF origi-
nally belonging to the phylum Mucoromycota, and subphylum Glomeromycotina, are believed
to be the planet’s most prolific plant-fungal relationship [172]. Arbuscular Mycorrhizal Fungi
are ancient, presumably asexual, widespread, mutualistic endosymbiotic fungi that have suc-
cessfully formed a friendly association with almost 80 % of the land plants including many of
the bryophytes, some pteridophytes, few gymnosperms and most of the angiosperms [173].
The lack of any sexual reproduction mechanism renders the phylum a phylogenetic mystery.
The documentation of arbuscules in Aglaophyton majus, vesicles in Rhynia Gwynne-Vaughan
and recent evidence of arbuscules and vesicles in Horneophyton ligneria suggest that the fungi
are known to have a co-evolution history that dates back 400 million years ago in the time
frame of the Early Devonian period [174-177]. This hints toward the potential role of AMF in
the invasion of the terrestrial land by the aquatic ancestors. Even though evidence for mutual-
istic
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Fig 3: Schematic representation of phosphate starvation responses and strategies adapted
by plants under low Pi to circumvent phosphate-deprived response. The figure talks about
salient features related to phosphate uptake (PHTs and HATSs), homeostasis, and mobiliza-
tion scenarios in plants along with the alternate Pi-uptake/recycling approaches. Under Pi
deprived condition, morphological changes occur in roots at RSA (root system architecture)
level. While in shoots, modulations in terms of length and biomass are observed. Although
AMFs (arbuscular mycorrhizal fungi) and PSMs (phosphate solubilizing microbes) can help
in the mineralization of organic P, unique approaches related to Pi uptake can pave the way
for efficient P usage and for a sustainable agrarian system.
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association remains largely obscure, the identification of arbuscules and vesicles in these fos-
sils is congruous with the symbiotic association that regulates the growth and development of
plants. Because the fungus lives inside plant root cells, this relationship is both biotrophic and
mutualistic in nature. Nonetheless, exceptions such as ecto-, ericoid, and orchid mycorrhiza
along with non-mycorrhizal plant species also exist in nature but are primarily associated with
extreme soil conditions [178]. It is noteworthy to mention that due to the difficulty in culturing

AMFs, it is anticipated that a large diversity of AM species is yet to be identified and explored.

10. Arbuscular Mycorrhizal Fungi (AMF): Facilitators of Nutrient Exchange

The AMF enable the plants to intrude into the nutrient depletion zone and assimilate scarce
nutrients like phosphate(P), Nitrogen(N), and Zinc (Zn) from unabsorbable forms [179]. In
order to compensate for this, the fungi acquire photosynthetically fixed carbon and lipids [180]
from the plant partner that help the fungus for its survival and propagation. AMF colonization
is widely thought to enhance biomass accumulation which is attributed to the enhanced nutrient
uptake and increased photosynthate production. AMF not only contribute to the uptake of soil
nutrients but also confer improved resilience to abiotic stresses. It also aids to mitigate the
environmental constraints that hinder plant growth and development by triggering the AMF-
induced tolerance mechanisms. It was also shown that AMF can attenuate the free radical dam-
age caused by abiotic factors by boosting the host plant's defence mechanism [181,182]. To
deal with the drought stress and reduce reactive oxygen species (ROS) burst, AMF operates
two separate pathways- AMF responses and host responses pathways. There occurs a short
oxidative burst in the mycorrhizae-containing cells during early symbiosis and degradation
[183]. In the AMF responses pathway, AMF fungal extraradical hyphae, AMF antioxidant
genes and fungal aquaporins (AQPS) contribute to the water absorption and translocation to the
host hence, alleviating the drought stress. In the latter pathway, the antioxidant protection
mechanisms are increased, particularly, the polyamine and fatty acid homeostasis. Li et al.
(2013) earlier reported the localised expression of the aquaporin gene near the region of hyphal
penetration [184]. The strategy of increasing certain enzyme production, accumulation of pro-
line, increased nutrient uptake and reduced uptake of sodium and calcium helps to persist dur-
ing the salinity stress during symbiotic interaction [185-187]. During elevated levels of toxic
metals, the glomalin produced by the AMF is thought to slow down its transport [188]. An
insight into the role of AMF to resist pathogens provide plants resistance to biotic stress. The
intimate relationship between the fungal and plant partner flourishes once the nutrient availa-

bility is less. The highly branched hyphal network that extends beyond the nutrient depletion
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zone facilitates the nutrient transfer to the plant partner. The genetic underpinnings of func-
tional compatibility propound that the plant-fungal genotype combination largely determines

how much the plant profits from the association.

11. Unraveling the Tale of the Plant-AMF Symbiotic Alliance

To establish a mutually beneficial plant-AM relationship, both plant and fungal partners endure
significant morphological and physiological changes. AM fungi produce a vast hyphal network
called extraradical mycelium (ERM) that surveys the soil, gathers nutrients, and then delivers
them to the plant root via the intraradical mycelium (IRM)[189]. In contrast to IRM, ERM has
relatively thinner roots, which enable plants to acquire the nutrients from the soil where the
fine roots can’t reach and hence contributes to the main fungal biomass. Whereas, the IRM
forms the main fungal body that extends throughout the root cortical cells. Root colonization
is tightly regulated both physiologically and developmentally. It occurs through different
phases including the asymbiotic, presymbiotic, infection and symbiotic phases. In the asymbi-
otic phase, fungal spores germinate and have limited hyphal development without a host plant.
The presymbiotic stage represents germination of fungal spore, hyphal branching and cell pro-
liferation. The growing hypha then intensely branches and ramifies close to roots in response
to root exudates, including strigolactone [190] and differentiates to form appressorium at the
root surface. During the infection phase, infection hyphae arise from appressoria and penetrate
the root epidermis. This initial hyphal entry into roots is followed by extensive intraradical
hyphal development during the symbiotic phase which culminates in the arbuscules formation
in the inner cortical cells. It is now known that the formation of a narrow structure, designated
as the prepenetration apparatus (PPA), in a root epidermal cell precedes the fungal entry into
the roots, indicating the host’s preparedness to undergo into the relationship [191]. IRM gen-
erally forms specialized tree-like heavily branched terminal structures, called arbuscules, or
hyphal coils [192]. In response to arbuscules formation, the host also modifies its plasma mem-
brane to cover the fungal structure. Such membrane is called perifungal membrane or periar-
buscular membrane (PAM). Arbuscules never enter the host cell’s cytoplasm and plant-fungal
membranes demarcate the boundary, an apoplastic compartment in the root cortex. This struc-
ture represents the symbiotic interface in the root cells and mainly facilitates the metabolic
exchange between the two organisms. Due to the periarbuscular membrane that sheaths the
fungi, they are not entirely assimilated by the plant organelle [193]. The peri arbuscular mem-
brane encompasses the phosphate transporter genes and is simultaneously expressed along with

the arbuscular formation. The arbuscular generation on the other hand requires the concerted
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differentiation and rearrangements of both the symbionts. Roth et al. (2019) identified mem-
brane tubules and PAM to be involved in the arbuscular rearrangements[194]. They also pro-
posed the role of extracellular vesicles in the arbuscular degeneration. The observation of high
phosphate levels in the cells along with the broad interface suggests localised phosphate
transport [195]. Upon reaching the surface of the root, the hyphae differentiate into hyphopo-
dium, which causes interesting subcellular rearrangements of the underlying cells. The cyto-
plasmic bridge thus formed across the vacuole which is lined by membrane cytoskeleton and
ER, direct the fungus through the cell.

12. Hormonal Changes Triggered by Arbuscular Mycorrhizal Fungi (AMF) Colonization
The establishment of AM symbiosis is closely intertwined with plant hormone homeostasis.
Various studies demonstrated that nearly all phytohormones including have a dominant role in
different stages of symbiotic signalling pathways. The pre-symbiotic signalling is made effec-
tive with the release of strigolactone that attracts the AMF towards the plant roots. Many in-
vitro studies show that strigolactones enhance spore germination and subsequent mycorrhizal
development, especially under low P concentrations [196][190]. The diffusible fungal factors
essential for Ca*? oscillations are supplied by the strigolactones to the rhizosphere prior to col-
onization [197][198]. It can also enhance fungal metabolism thereby generating ATP for fungal
growth and branching. The regulatory effects of strigolactones depend largely on its concen-
tration [199]. Choi et al. (2020) found that SMAX1 suppress symbiosis and established inter-
link between the strigolactone and karrikin signalling pathways [200]. Abscisic acid is another
apocarotenoid hormone that promotes root colonization and arbuscule formation. The ABA
pre-treatment is proven to enhance the spore viability and hyphal branching. While it is also
proven to act as inhibitor in plants with fair colonization [201,202]. The mycorrhizal coloniza-
tion under ABA administration requires a PP2AB'1 (holoenzyme subunit), whose mutation
reduces the AM colonisation by 50 % with no discernible impact on the formation of fungal
structures [202]. The gaseous plant hormone, ethylene is thought to act antagonistic to ABA,
but several studies show various discrepancies and hence its effects largely remain elusive
[203,204]. While inhibitory effects of GA on arbuscular development is remain obscure [205—
207]. The gibberellin-DELLA complex also has a significant effect on mycorrhization with
DELLA proteins showing an inhibitory effect on GA responses. In crosstalk with ABA and JA
via orchestrating the DELLA proteins it also enhances arbuscule generation, whereas. Auxin
is believed to positively regulate the strigolactone biosynthesis genes and hence promote my-

corrhizal development [208]. The enhanced auxin levels during early colonization stages
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indicate its positive role in mycorrhization. Even though it was believed that auxin and cyto-
kinin act antagonistically, recent evidence by Cosme et al. (2016) indicates cytokinin from both
shoot and root enhances mycorrhizal symbiosis [209]. The effects of Jasmonic acid remain
predominantly unstudied with very few in-vitro studies reported. He further reported other sig-
nalling compounds like coumarin aid mycorrhization during the early stages. The mycorrhizal
colonization in the host plant elicits ‘priming’, a mechanism that helps the plant from both

biotic and abiotic stresses [210][211].

13. Mediators Promoting the Association with Arbuscular Mycorrhizal Fungi (AMF)

Plants under low nutrient conditions secrete certain plant hormones like strigolactone and fla-
vonoids, often called ‘branching factors’ from the plant root. The signalling molecules from
plants also result in the exudation of certain short-chain chitin oligosaccharides (COs) and
lipochitooligosaccharides (LCOs) that induces symbiotic and immunity responses. These sig-
nalling molecules produced by the fungus aid them to get accommodated in the host plant by
inducing calcium spiking. It also stimulates lateral root growth, and branching and induces the
expression of symbiotic (SYM) genes in the host through the common symbiotic signalling
pathway (CSSP). It was long been assumed that the COs and LCOs exhibit diverse behaviours
in eliciting symbiotic responses. But, Feng et al. (2019) in Medicago trunculata concluded that
both COs and LCOs are essential for symbiotic establishment, whereas COs independently
suppress immunity responses[212]. It is also found that receptors such as Lysine motif receptor
like kinases (LysM-RLKSs) are necessary for the interaction with signaling molecules such as
strigolactone, CO and LCO’s. CCaMK which are responsive to calcium, phosphorylates and
induces the transcription factor CYCLOPS, which results in the activation of transcriptional
regulators, like GRAS transcription factor RAML1. Calcium calmodulin-dependent kinases
(CCaMK) along with the action of a putative cationic channel in the nuclear membrane and
leucine-rich repeat (LRR) receptor-like kinase induce Ca?* spiking. Recent studies in Medicago
trunculata suggest that DMI1/2-dependent cytoplasmic spiking can be observed in the root
hairs proximal to the branching fungal hyphae. Chabaud et al. (2010) proved that the Ca*?
oscillations are triggered by diffusible fungal factors and host cell-cell communications[213].
There occur other pathways that are different SYM pathways which suggest that the AM fungi
elicit a wide array of active molecules that can trigger different cellular targets [214][215].
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14. Insight into the mechanistic aspect of AMF colonization in plants

The initiation or deciphering of calcium-spiking includes a sub-set of genes including SYMRK
(symbiosis receptor-like kinase) which is essential for the perception of the signalling mole-
cules and functional symbiosis. SYMRK acts as a co-receptor in the perception of COs and
LCOs certain secondary messengers which result in high-frequency calcium spiking around
the nucleus. For successful nodulation, the cross-talk of many genes is quintessential among
which SYMRK works like a signal transducer. SYMRK is a protein kinase localised in cell-
membrane which possesses an extra-cellular malectin-like domain (MLD), leucine-rich repeat
(LRR) domains towards extracellular region, transmembrane and a Ser/Thr kinase domain in
cytoplasmic side. It helps in the early events of arbuscular mycorrhization and symbiosome
formation. The Myc and the Nod factors which are N-acetylglucosamines also get recognised
by the MLD. This promotes microbe interaction and cell-cell communication. Even though the
molecular mechanism of SYMRK is unclear, it plays a major role in recruiting previous mo-
lecular mechanisms to regulate symbiosis. The mutation in SYMRK affects both nodulation
and effective colonization which highlights the role of the gene in the fungal signalling cascade.
The overexpression studies by Zhijing et al. (2012) imply that SYMRK promotes colonization
and biomass in tobacco root[216]. The orthologues of the gene have been identified in legumes,

but its role in non-leguminous plants such as in tomato is yet to be explored.

15. Regulation of mycorrhizal development and root colonization

Mycorrhiza formation requires a well-coordinated communication between plant and AM fun-
gal partner. While both morphological and physiological changes associated with both host and
fungus have been well-demarcated, the molecular complexity of processes involved in AM
symbiosis is less elucidated. Although it is important to note that several host and myc factors
that help coordinate plant fungus interaction have been identified over the past few decades. A
concerted effort by many studies involving transcripts profiling and in situ hybridizations of
RNA has revealed the identity of several novel genes controlling hyphal growth and develop-

ment involved in arbuscule function and development.

16. Role of AMF in the light of P nutrition

The extent of mycorrhizal colonisation is inseparable from the amount and form of P in the
soil. Even though it is a macronutrient required in relatively larger quantities, Pi deficiency is
observed in most of the soil around the globe and levels of available Pi seldom exceed 10 uM
even in fertile soils [53]. Moreover, the availability of Pi in soil (~2uM) is severely limited

when compared to that in plant tissues (5-20mM). The availability of Pi is a concern as most
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of it is fixed in the soil or is in constant interaction with other inorganic and organic surfaces
in the soil [217]. The inseparable mineral-Pi complexes in the soil also render the plants diffi-
cult to assimilate [69]. After the successful mycorrhizal colonization, plants unveil two Pi-
uptake strategies at the soil-root interface, DPU (direct phosphate uptake) or MPU (mycorrhi-
zal Pi uptake pathway). In the DPU pathway, Pi uptake is mainly through the epidermis and
root hairs under Pi stress. Whereas in the MPU pathway, the exchange of Pi occurs between
the interjection between the fungal mycelium and cortical cells. The transfer of Pi mainly oc-
curs with the help of DPU but once the colonization is established by AMF in the roots, then
MPU pathway operates. DPU and MPU pathways can be anticipated to be carefully adjusted
by interacting signal transduction pathways in a changing root environment. Since changing Pi
concentration in plant cells can cause adverse effects in plants, maintaining adequate Pi home-
ostasis is crucial for plant growth and development. AM-mediated Pi acquisition from the rhi-
zosphere thus operates where Pi is taken up against the electrochemical gradient into the ERM
with the help of ABC transporters and H*-ATPases which rather spans the membrane. Pi is
acquired by the MPU through H*/Pi or Na*/Pi symporters present in the AMF extraradical
hyphae, in contrast to the DPU where Pi is transported by H*Pi symporters on the epidermis
[218][219]. The Polyphosphate (polyP) which builds up in the hyphae modulates the cytoplas-
mic Pi levels and gets transported along the hyphae. The occurrence of the positive mycorrhizal
P response, high mycorrhizal growth response (MGR) and higher total P in the AM inoculated
plants hints at the existence of the MPU. The downregulation of the phosphate transporter
genes involved in the DPU and the upregulation of the MPU-specific transporter genes during
mycorrhization propounds that both these pathways are not additive although the mechanism
behind this is yet to be explored [220-222]

17. The journey of Pi through the Phosphate transporters

The supply of high phosphate is detrimental to plants and it regulate the pre-symbiotic signal-
ling and hyphopodia formation [215][196]. High levels of phosphate are proved to inhibit the
calcium oscillations and symbiotic pathway [223]. The periarbuscular membrane encompasses
the phosphate transporter genes and is simultaneously expressed along with the arbuscular for-
mation. The arbuscular generation requires the concerted differentiation of both the symbionts.
The observation of high phosphate levels in the cells along with the broad interface suggests
localised phosphate transport in these arbuscules [195]. The mutant studies in Medicago and
Rice shows that abhorrent P-specific transporters mtpt4 and OsPT11 are involved in arbuscule

degeneration [224][225]. The plant Pi transporters, grouped mainly according to subcellular
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localization and sequence variability and falls into five subfamily groups: PHT1, PHT2, PHT3,
and PHT4 out of which the Phosphate Transporter1(PHT1) subfamily is considered important.
The premature arbuscule degeneration (PAD) observed in the studies within Medicago (pt4)
and rice (pt11) mutants indicate that these PTs are quintessential in the sustenance of the sym-
biosis, phosphate uptake and mainly in arbuscular maintenance. Xie et al. (2022) further dis-
covered that PT7 containing an SPX domain in Rhizophagus irregularis generally promotes
the arbuscular symbiosis and phosphate exchange[226]. The discovery of MYBL1 transcrip-
tional regulator by Floss et al. (2017) in Medicago roots suggests its role in arbuscular sui-
cide[227]. The mybl-pt4 double mutant arrested the arbuscular degradation while overexpres-
sion of MYBL1 hydrolyses the proteins like chitinase, lipase and protease that enact the degra-
dation. In order for them to enact, the NSP1 (a GRAS transcription factor gene) and DELLA
(GRAS protein) should interact with the MYBL1 [228]. It is noteworthy to mention that the
same transcriptional regulator that causes arbuscular degradation can also facilitate its for-
mation. On the contrary, DELLA is also thought to intermingle with the prime transcription
factor CYCLOPS which promotes arbuscular branching. A crucial component that prevented
the underperformance of the symbiotic association for millions of years can be related to the
high arbuscular turnover. Transcriptomic profiles that are distinct to different tissues and stages
of development are controlled by specific cis-acting elements. In eudicots, MYCS and P1BS

are regarded as unique motifs required for the constitutive activity of Pi transporters.

18. The master control of Pi transport

The plants combine Pi status with fungal colonisation and arbuscular growth to maintain a
favourable connection throughout symbiosis. Plants have evolved a group of Phosphate Induc-
ible genes (PSI) to mitigate the Pi deficiency and to act as a gateway for the available Pi in the
soil. It’s interesting to note that there occurs a ubiquitous P steering vehicle called (Phosphate
Starvation Response) which falls as a member of R2R3 MYB transcription of the PSI genes.
The central regulatory mechanism of PHR (Phosphate Starvation Response) factors contain
important regulators with SPX domains in order to locally track the quantity of phosphate ex-
changed and to maintain the Pi homeostasis during AM symbiosis. These phosphate sensors
work by modulating the PHR at altered phosphate conditions by selectively interacting with
the inositol polyphosphates (PP-InsPs) that later interact with the SPX domains. The SPX
members are known to interact with the PHRs only under Pi-deprived conditions by the acti-
vation of PSI genes. This reduces the arbuscular symbiosis and expression of AM-related

genes. Whereas, under Pi adequate conditions, SPX undergo proteasomal degradation
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rendering PHR to freely bind with the promoter of PSI genes [229]. Das et al. (2022) further
explored the multidirectional control circuit between the SPX and PHR and established that
additionally many AM-induced transcription factors are expected to stabilize PHR2 interaction
[230]. Das and the team also uncovered unknown PHR2 sites implicated in the initial phase of
symbiosis[230]. Their findings highlight that PHR is rather conserved in legume Lotus japon-
icus and predicted that the strigolactone biosynthesis might not be controlled by PHR. The
ChIP-Seq of PHR targets in Lotus japonicus by Das et al. (2022) further confirmed that PHR2
is essential for mycorrhization and nutrient exchange by activating transporters including
PT11. Liao et al. (2022) further extended the studies to tomatoes where SPX1 suppressed the
arbuscular formation and Pi uptake by complexing with PHR [231]. The authors also revealed
that the SISPX1 silencing alone renders the Pi uptake ineffective, indicating a dominant role of
it in symbiosis. Wang et al. (2021) proved that MtSPX1 and MtSPX3 as low Pi-induced regu-
latory genes during symbiosis which have roles in enhanced root colonization by strigolactone
production [232]. Thus, it can be concluded that the role of SPX with respect to mycorrhizal
colonization largely remains obscure and also varies in different plant species.
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Fig 4: SPX-PHR centered network orchestrates arbuscular mycorrhizal symbiosis under
differential phosphate regime.

In AM-colonized roots, two pathways operate for Pi uptake; the direct Pi-sensing pathway in-
volving host root machinery and the indirect and predominant route involving fungal hyphae.
The indirect route transfer nutrients directly to host root cortical cells. Several host regulators,
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such as WRINKLED5a/h, REQUIRED FOR ARBUSCULAR MYCORRHIZATION 1
(RAM1) , REQUIRED FOR ARBUSCULE DEVELOPMENT 1 (RAD1) [180,233,234], and
MYBL1 [227] are known to regulate different aspects of AM symbiosis, including pre-contact
signaling, root colonization, and AM function. While GRAS family transcription factors (TFs)
such as RAD1 and RAML1 regulate hyphal branching, WRINKLED5a (WRI5a) is known to
control lipid biosynthesis and transfer during mycorrhizal symbiosis [235]. Similar to AM sym-
biosis, Pi homeostasis is under the tight control of the antagonistic activities of host SPX
[named after SYGL1 (suppressor of yeast gpal), Pho81 (CDK inhibitor in yeast PHO pathway),
and XPR1 (xenotropic and polytropic retrovirus receptor)] proteins[229] and phosphate star-
vation response regulator (PHR) TFs in plants. Under low Pi conditions, PHRs activate phos-
phate starvation response (PSR) by directly binding to PHR1 binding sequence (P1BS) ele-
ments in the promoters of phosphate starvation inducible (PSI) genes, including phosphate
transporters (Fig. 4) [236]. Under high Pi conditions, SPX proteins physically interact with
PHRs and negatively regulate their activity (Fig. 4A). Whereas low Pi conditions support both
PSR and AM-symbiosis, the mechanism of how host PSR regulators influence the two Pi-
uptake pathways and how increasing soil Pi levels impair mycorrhizal colonization remained

poorly understood.

A new study by Shi et al. (2021) highlights the central role of PHRs in determining mycorrhizal
infection success in rice [237]. In this study, a comprehensive yeast one-hybrid-assay screen
(YIH) involving 1570 TFs and promoters of 51 AM-related genes revealed a highly intercon-
nected network centered on 266 TFs and 47 target promoters. The authors reported 511 signif-
icant interactions involving both AM- and PSR-specific TFs such as WRI5a/b, RAM1, and
PHR1/2/3. In line with previous findings, severely diminished fungal colonization in OSRAM1
and OsWRI5a/b mutants confirmed their positive influence on mycorrhization [238][239]. In-
terestingly, 25 promoters were found to be activated by OsPHRs in YIH. The enrichment of
P1BS element in the promoters of most AM-related genes, including OsRAM1, OsRADL,
OsWRI5a, OsAMT3;1 (ammonium transporter3;1) and OsPT11 (phosphate transporterll), de-
livered the first line of evidence for PHR-regulated mycorrhization in plants. The enrichment
of the P1BS element in most AM-related genes promoters, including the well-known AM-
specific regulators such as RAD1, RAML1, and WRI5a/b, further supported a positive associa-
tion between OsPHRs and AM. Experimental validation of OsPHR2 binding to the P1BS ele-
ment of OsRAM1, OsWRI5a, OsPT11, and OsAMT3;1 promoters further consolidated this

notion [229]. The inhibited expression of OsPT11:GUS promoter-reporter constructs upon

28




P1BS deletion evidenced a direct regulatory role of OsPHR2 in OsPT11-mediated indirect Pi
transport in the arbuscule-containing root cells. The authors also noticed a restricted OsPHR2
expression in arbuscule-containing cells, contrary to its ubiquitous expression in the non-colo-
nized Pi-deficient roots. Additional evidence such as the impaired mycorrhizal colonization in
Osphr2 single and Osphrl1/2-1/3 triple mutant roots and the restoration of this phenotype by
expressing wild-type OsPHR2 wild allele in the mutant backgrounds reinforced the idea of
PHRs regulating AM symbiosis. This observation was further supported by the reduced tran-
script levels of OsSRAM1, OsWRI5a, OsPT11, and OSAMT3;1 in the loss-of-function Osphr2-
1 mutants. On the contrary, AM genes (such as OsWRI15a, OSAMT3 and OsPT11) were found
to be induced in the non-AMF colonized OsPHR2-overexpressing roots. A comparatively
higher degree of fungal colonization in these transgenic plants than their wild-type controls in
Pi-sufficient conditions finally confirmed a central role of PHRs on steering plant-fungus sym-
biotic association. Consistent with the negative regulatory role of SPX on PHR activity, the
authors noticed a significantly lower frequency of arbuscule formation and mycorrhization in
the roots of OsSPX1 and OsSPX2 overexpressing transgenic plants [229]. Moreover, the en-
hanced fungal colonization and arbuscules formation in the Osspx1/2/3/5 quadruple mutant
roots, a phenotype reminiscent of OsPHR2 overexpressing lines, further supported the negative
influence of SPX proteins on fungal colonization. Together with the previous findings, the
activation of an AM-specific phosphate transporter, OsPT11, and de-repression of many PSI
genes in either Osspx mutants or OsPHR2 overexpressing plants, even under Pi-sufficient con-
ditions, this study expanded the regulatory role of SPX-PHR controlled PSR machinery beyond

Pi homeostasis to AM symbiosis.

The findings of Shi et al. (2021) found excellent support in another study by Wang et al. (2021),
which reports the regulatory role of AM-inducible SPX members in controlling fungal coloni-
zation and arbuscules degradation in Medicago roots[232,240]. The authors first identified
MtSPX1 and MtSPX3 as the low Pi favored AM-responsive genes. Besides P1BS elements,
the promoters of both genes also harbor multiple AW-boxes and CTTC elements, the known
WRI5a, and RAML1 binding motifs. The de-repression of MtSPX1 and MtSPX3 in WRI5a
overexpressing roots, even under high Pi conditions, suggested that WRI5a probably favours
mycorrhization by binding to the AW-boxes in their promoters. Further examination of the
spatial expression of MtSPX1 and MtSPX3 through their promoter: GUS reporter constructs
revealed a highly restricted GUS signal to only arbuscule containing cells, a phenotype remi-
niscent of OsPHR2 promoter: GUS reporter constructs reported by Shi et al. (2021) [240].
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Consistent with the earlier findings, MtSPX1 and MtSPX3 also controlled Pi homeostasis by
negatively regulating the activity of MtPHR2 under high Pi conditions [229,240]. Significantly
lower root mycorrhization and inhibited arbuscules abundance in the Medicago spx1/3 single
and double mutant plants indicated conserved roles of SPX proteins in AM colonization in
plants. The authors further quantified the different-sized arbuscules and reported significantly
fewer degrading and more large-sized arbuscules in the spx1/spx3 double mutant than in the
wild-type roots. The reduced transcription of CYSTEINE PROTEASE3 and CHITINASE, the
target hydrolase genes of MYBL, a TF regulating arbuscules degradation, in only spx1/spx3
double mutant plants, and no significant change in the ratio of mature/degrading arbuscules
between single spx1 or spx3 mutants and wild type suggested redundant roles of these genes
in arbuscules degradation [227]. Because of the inhibited fungal colonization and arbuscules
abundance in MtSPX1 or MtSPX3 overexpressing, driven under AM-responsive MtPT4 pro-
moter, Medicago transgenic roots, Wang et al. (2021) decisively confirmed the regulatory role
of SPX-PHR in AM symbiosis in plants[232].

The recent studies conclusively demonstrate that the expression of both SPX and PHR proteins
shifts from the whole root to arbuscules containing cells upon low Pi-induced mycorrhizal col-
onization. Under Pi-sufficient conditions, PP-InsP activates SPX members to interact with
PHRs for inhibiting their activity (Fig. 4A). Under Pi-deficiency, SPX members are degraded
through the proteasome pathway, releasing PHRs free for binding to the P1BS of target pro-
moters. Thus, besides activating PSI genes, PHRs also directly activate AM-related genes,
through P1BS, under low Pi conditions. Alternatively, PHRs can activate AM-specific down-
stream TFs, such as WRI5a/b or RAM1, which then initiate the transcription of downstream
symbiosis-associated targets, plausibly by binding to AW-boxes and CTTC elements in their
promoters, to regulate mycorrhization (Fig. 4B). Thus, SPX-PHR proteins, besides regulating
PSR under nonsymbiotic conditions, also regulate AM symbiosis in Pi-deficient plants. How-
ever, further research is required to explain how SPX-PHR expression is restricted to only
arbuscules containing cells upon AM-colonization. More investigations to understand the
mechanism of SPX-PHR mediated plausible integration of direct and indirect Pi uptake routes

are also needed.
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Material and Methods

Seeds of tomato cultivar (Solanum lycopersicum cv Pusa Ruby) was in the most of the exper-
iments. Seedlings were grown under controlled condition in culture room at a temperature of
24 = 3 °C with a photoperiod of 16 h and 8 h of light/dark period. Intensity of light was main-
tained at 200 pmol m 2 s7%, and relative humidity was kept around 60 %. For Pi starvation ex-
periments, tomato seeds were at first treated with sodium hypochlorite, thoroughly washed and
then placed in dark for germination at temperature 24 + 3 °C. The germinated seeds of radicle
size ~1-cm in were transferred to either hydroponic set up in pots containing ¥2 X Hoagland
medium or to Phyta Jars (500 ml capacity, Himedia, India) containing ¥2 X MS (Murashige
Skoog, SRL) solid media containing high phosphate (1.25 mM) and low phosphate (5 uM)
concentrations. The main source of phosphate is KH2PO4. Equal concentration of KCI was
used to compensate for potassium in low phosphate conditions. Seedlings were harvested 15
days post starvation. Samples were rapidly frozen using liquid nitrogen. The samples were
stored at -80 °C for further analysis. Each experiment was performed a mini-mum of two times,

with at least 15 seedlings per treatment.

2. Screening of tomato germplasm

After germination uniformly sized radicles were transferred to 2 X Hoagland medium con-
taining high phosphate concentration for a period of 11 days under controlled conditions. After
that, plants were subjected to Pi starvation by shifting them to low phosphate medium for 15
days. The, samples were collected for end point measurements, morphometric and molecular

analyses.

3. Growth condition in greenhouse

Germinated seedlings are transferred to pots containing mixture of moistened cocopeat and soil
rite. Plants were first grown for 15-20 days in a culture room under the earlier described condi-
tions. Plants were then transferred to greenhouse and kept for three days to acclimatize under the
controlled environment. The acclimatized seedlings were then transferred to soil-filled pots. Im-
age of seedlings were captured using canon high-definition camera (Power shot SX520 HS). For
studying the root and shoot length, picture of all the seedlings were taken by HP LaserJet 1536dnf
MFP printer with scale and measured by using ImagelJ tool. For, counting the number of root
hairs, light microscope (Leica M105FC, Germany) was used. For leaf morphology study, scan-

ning was done as mentioned earlier and the data was analyzed using ImageJ tool.
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Table 1

Murashige and Skoog media components, pH 5.8

Macronutrients

%X MS media, pH- (5.6-5.8), Conc.

mg/L
CaCl..2H.0 166.1
KH2PO4 170.1
KCI 70
MgS04.7H20 90.345
NH4NO3 825
Micro-nutrients
CoCl2.6H20 3.125
CuS04.5H20 0.012
FeS04.7H20 13.9
H3BOs 3.1
MnSO4.H,0 8.45
Na-EDTA 18.65
Na,Mo0O,2H,0 18.65
ZnS0,4.7H,0 4.3
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Table 2.

Hoagland’s complete nutrient solution pH 5.8

Macronutrients com-
ponents

Volume required in ml for
preparation of %2x L, High

Volume required in ml for
preparation of ¥2x L Low

Phosphate (HP) Phosphate (LP)
KH,PO, 1.25 mL (1.25 mM) 5 pL (5 uM)
Ca (NO3)2-4H,0 2 mL (2 mM) 2 mL (4 mM)
1M MgSO,4-7H,0 1 mL (1 mM) 1 mL (1 mM)
KNO; 3 mL (6 mM) 3 mL (6 mM)

Micronutrients components

Conc. (g/L) for preparation of
stock solution

Micronutrient (1000x)

CuS0,.5H,0 0.08
H3BO; 2.86
MnSO,4.H,0O 181
Na,Mo00,.2H,0 0.12
ZnS0O,4.7H,0 0.22

All the components are mixed
together and used 0.5 mL of
this stock for %2 x/L. working
Hoagland solution

Stock solution (Fe-EDTA)

Stock solution (Conc. g/L)

Na2-EDTA

Dissolve 26.1g in water contain-
ing 19g of KOH

FeSO,.7H,0

Dissolve 24.9g in water and
slowly add this solution with stir-
ring in KOH-Na2EDTA solution.

The pH rises to about 7.1.
The solution appears red

with little precipitation at

the bottom.

0.5 mL used from stock for
preparation of ¥2x/L Hoagland
solution.

4. Estimation of soluble Pi and P content

Quantification of total soluble Pi was done with plant tissues in root and shoot by using colorimetric based

assay involving phosphomolybdate, as illustrated by Ames (1966) [241]. Plant tissue, such as root and

shoot was homogenised using liquid nitrogen in mortar and pestle. 30 — 40 mg grounded tissue was

weighed and immediately transferred in 1.5 ml microcentrifuge tube (MCT), containing 250 ul of 1 %

glacial acetic acid. It was mixed by vortexing and then subjected to liquid nitrogen for approx-

imately 30 sec. The tubes were thawed at room temperature. After that, tubes were centrifuged

at 14000 g for 2 min. It was followed by gentle transfer of 50 ul of supernatant i.e., the upper

phase to a new MCT. The other solutions (600 ul of 0.42 % acidic ammonium molybdate +

33




100 pl of 10 % ascorbic acid) were added to the supernatant containing tubes. The mixture was
vortexed and incubated at 45 °C for 20 min. Subsequently, 200 uL of sample from each tube

was used for measuring optical density (OD) at 820 nm.

For the estimation of total P, the entire seedling was first dried at 65°C in a hot air oven for 24
h. The next day, the dried plant material was finely ground into a powder, and 50 mg of pow-
dered tissue was taken in a 100 mL hot test tube. Then, 1 mL of concentrated sulfuric acid was
added to the tube, and the mixture was incubated overnight at RT. The following day, all tubes
were incubated again at 120 °C for 2 h. Afterward, 1 mL of 30 % H20, was added to each hot
tube, resulting in colourless solution. From each tube, 10 pyL of the solution was transferred to
new MCT and mixed with 600 pL of 0.42 % acidic ammonium molybdate and 100 pL of 10
% ascorbic acid. The mixture was properly mixed and incubated at 45 °C for 30 min. Then,
200 uL samples were taken from each tube, and the optical density (OD) was measured at 820

nm. The soluble Pi content was quantified using a standard curve for P [242].

Plants growth with ATP as sole P source

To check for the substrate affinity with ATP in Slpap15°*! knock out lines, ATP was provided
as the external source. For ATP treatment, 1 mM ATP was provided to plants grown in P
deficient and sufficient conditions, as mentioned earlier. The treatment was given for five days
and then the change in total P and soluble Pi content was calculated in both slpap15 knock out
lines and wild type by using the aforementioned assays of total soluble Pi content and total P.

These assays were repeated independently at least three times.

5. Determination of acid phosphatase activity

Acid phosphatase activity of plant was assessed by SAP (secretory acid phosphatase activity)
and also by using BCIP (5-bromo-4-chloro-3-indolyl-phosphate) staining for measuring root
surface associated APase activity. For determination of SAP, roots were gently expelled from
HP and LP media containing tomato seedlings. Immediately after wiping the extra water using
blotting paper, the roots were submerged in a reaction buffer (10 mM MgCl2, 50 mM NaOAc,
pH 4.9) containing 10 mM pNPP and incubated for at least 4h at 37°C. The reaction was ter-
minated by adding 0.4N NaOH. Roots were now removed and absorbance was recorded for
the yellow-colored solution at 410 nm. SAP activity was expressed in A410nm/plant/h. For
visualization of the released pNPP from roots, we added the pNPP in %2 MS media and then
incubated the roots on it for 20 min. Pictures of the roots were taken using high resolution
camera [243].
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To check the root surface associated APase activity, seedlings were taken out gently from
media containing HP and LP solutions. Roots were washed multiple times with double distilled
water (DDW). These roots were arranged vertically on transparent plates and soaked with
blotting sheets to remove any extra water from them. These roots were immediately fixed by
pouring 0.5 % agar solution containing 100 uM BCIP and incubated for 24h in the dark at RT.

Images were taken by Canon high-definition camera [244].

6. In-gel assay was performed to check for total secretory APase activity

Total APase isoforms in root and shoot samples were detected separately using In-gel assay.
The isozyme profile of APases is visualized by separating protein samples on SDS-PAGE
(denaturing gel) or Native-PAGE (non-denaturing gel), which are then stained with the chro-
mogenic substrates B-NAP and fast black K. For Native-PAGE analysis, SDS was omitted
from the gel and the running buffer. HP and LP grown seedling root was taken out and
grounded to extract the crude protein using protein extraction buffer (0.1 M KOAc, 20 mM
CaClz, 0.1 mM PMSF, pH 5.5). Protein concentration was calculated using Bradfort assay re-
agent. 10 pl total protein in equal amount was taken and run in 12 % SDS PAGE gel. Gel was
run first at 60 V for 30 min followed by 120 V for 150 min at 4 °C. Next, 50 ml reaction buffer
(10 mM MgClz, 50 mM NaAc) was used to shake the gel 4-5 times in precooled reaction
buffer. After this gel was incubated in 50 ml APase activity profiling detection buffer (0.3
mg/ml B-naphtyl acid phosphate, 0.5 mg/ml Fast black K, pH 4.9), prepared in the reaction
buffer [243].

7. Phytase activity

Phytase activity was measured colorimetrically by monitoring the release of inorganic phos-
phate from phytic acid (Na-InsP6; Sigma-Aldrich). Phytase activity was measured using crude
protein estimated by Bradford protein assay in seed, germinated seedling and roots separately.
It is defined as the release of 1 mM of P per minute in Phytase assay buffer (1 mM phytate,
100 mM NaOAc, pH 4.5). Reaction was terminated by adding equal amount of 4 % TCA
(trichloro acetic acid). The liberated inorganic orthophosphate was quantified using Ame’s

assay, as described earlier in MM section [245].

8. Time course expression kinetics and recovery experiment
The seeds were initially sprouted on absorbent paper. Subsequently, these young plants were

transferred to standard ¥2 X Hoagland nutrient solution. After seven days of germination, they
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were subjected to a period of phosphate starvation lasting 15 days. During this time, samples
were collected at various time intervals, starting from the first day of starvation (15 min, 4 h,
12 h, 24 h, 42 h, 72 h, 7 days, and 15 days). Additionally, the starved seedlings were later
restored by switching from a low phosphate medium to a high phosphate medium, and samples
were collected every hour. To preserve the samples, they were rapidly frozen using liquid ni-

trogen and stored in a deep freezer maintained at -80 °C.

9. Identification of PAPs in tomato

The protein sequences of Arabidopsis, rice, soybean PAPs were downloaded from sequence
databases such as TAIR, Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/), and
Soybase (https:// www.soybase.org/) and were used to generate an HMM profile of PAPs. The
HMM profile was searched against the annotated protein sequence database of tomato (ITAG ver-
sion 2.4) and putative PAP sequences were retrieved, as described previously [246]. The re-
trieved protein sequences were searched for the presence of metallophos domain using the
SMART  tool (http://smart.embl-heidelberg.de/) and five conserved motifs
(DXG/GDXXY/GNH(D/E)NXXH/GHXH)  were searched manually using BioEdit
(Www.mbio.ncsu.edu/BioEdit/bioedit.html). The identified tomato PAPs were annotated based
on their homology to AtPAPs, except SIPAP23, which was named based on its high homology
with rice OsPAP23.

10. Analysis of gene structure and conserved motifs

Information on chromosomal localization, intron-exon organization, and coding sequence (CDS)
of tomato PAPs were obtained from the SGN database. The amino acid composition, length, and
their molecular weight were predicted using Gene runner (http://www.generunner. net/). The
intron-exon organization was studied using GFF3 data (https://solgenomics.net/bulk/in-
put.pl?mode=ftp), Plaza 4.0 [247] (https://bicinformatics.psb.ugent.be/plaza/ver-
sions/plaza_v4_dicots/), and GSDS server (http://gsds.cbi.pku.edu.cn/). Discovery of conserved
motifs in the full-length protein sequences was made using the MEME Suite 5.1.1 with the fol-
lowing parameters: zero or one occurrence per sequence, with at least six motifs per protein
sequence (https:// meme-suite.org/tools/meme). Subcellular localization was predicted using
CELLO v2.5 (http://cello.life.nctu.edu.tw/). Signal P4.1 (http:// www.cbs.dtu.dk/services/Sig-
nalP/) was used to indicate the presence of any signal peptide. The 3-kb upstream region of all
PAPs was used to manually screen the presence of cis-acting regulatory P1BS elements (PHR1
binding sites) (GNATATNC) in Gene runner (http://www. generunner.net/) (Annexure 1).
Map chart 2.30 tool (https://www.wur.nl/en/show/ Mapchart-2.30.html) was used for
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generating a chromosome localization map of tomato PAPs [248].

11. Phylogenetic analysis

The multiple alignments of tomato, S. pennellii, AtPAPs, and OsPAP genes were done using Clus-
talW [249]. The output ‘.aln’ file was used as an input file in MEGA7 to generate an unrooted
phylogenetic tree. The evolutionary history was inferred by using the Maximum Likelihood

method based on the JTT matrix-based model with 1000 iterations.

12. Estimation of total Anthocyanins

Anthocyanin pigments in seedlings grown under HP and LP condition were measured from
the same node leaves. 250 mg of leaf tissue was weighed and crushed in 10 mL (methanol:
water: HCI, 79:20:1, v/v/v) using mortar and pestle. The samples were incubated in dark for
2 h. Following incubation, the samples were centrifuged at 5000xg at room temperature, for
10 min. The absorbance of the supernatant was then measured at wavelengths 530 nm and 657
nm, as described previously. Total anthocyanins content was calculated as: {Asz —

(Aes7)Hgm FW, where Asz and Ass7 are absorbance in nm of the solution. [250].

13. Histochemical analysis and quantification of ROS
The method described in https://bio-protocol.org/e1108#biaoti5025 was employed to carry out

the detection of H20, and O2". Leaf tissues that were collected and washed with DDW to elim-
inate unwanted substances. Leaves were arranged within a tissue culture plate containing six
wells (Tarson, catalog number: 980010). To detect H20», leaf samples were immersed in a 1
mg/mL solution of 3,3'diaminobenzidine (DAB). For O detection, the samples were sub-
merged in a buffer containing (2 % NBT prepared in 50 mM sodium phosphate). Plates con-
taining NBT and DAB solutions were incubated overnight in dark at room temperature. On the
following day, NBT/DAB solution was taken out and the leaf samples were subsequently des-
tained to remove excess stain. It was done by boiling them in a solution containing acetic acid-
glycerol-methanol (1:1:3) (v/v/v) at either RT for two days in rotor or at 100 °C for 5 min.
Samples were stored finally in a glycerol-methanol solution (1:4) (v/v). The photos were taken
where, H2O2 was observed as a brown color resulting from DAB polymerization while Oz
appears blue in colour due to NBT. The final quantification was carried out using ImageJ soft-

walre.
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14. Homology modeling and docking

Tomato purple acid phosphatases (SIPAP15) protein sequence (UniProt ID A0OA3Q71919)
[251,252] was used for homology modeling. Structural homolog templates for the query were
retrieved from Protein Data Bank (PDB) [253] as predicted by the alignment tool BLASTP [254].
The N-terminal and C-terminal amino acid residues of the query sequence, not aligned to the
template, were removed and Modeller v9.20 software [255], which uses spatial constrains sat-
isfaction, was used for homology modeling. Truncation of the first 27 amino acids at N-terminal
was made during the processing of the sequence for homology modeling. Two essential iron
(Fe*®) ions present in the template's active site were also incorporated in the model. A total of
five models were generated, and these were filtered according to the DOPE score. These pre-
dicted models were then assessed to structure validations by using SAVES 5.0 (http:/ser-
vicesn.mbi.ucla.edu/SAVES), ProSA (https:// prosa.services.came.sbg.ac.at/prosa.php), and
QMEAN (https:// swissmodel.expasy.org/gmean/)[256][257][258]. The best-predicted model
was selected for docking based on the DOPE and QMEAND scores and SAVES and ProSA struc-
ture validations.

Docking was performed using Schrodinger software [259]. The modeled protein structure was
energy minimized at pH 5.5 with the OPLS3e force field using a protein-preparation wizard in
Maestro. Different substrates, such as ATP, ADP, PEP, and IHP (phytate) were used as ligands.
These molecules were extracted from PDB IDs 3X2V, 4XW6, 1FWN, and 3MMJ [260-262].
The Ligprep module was used for ligand preparation with the OPLS3e force field, pH 5.5, and a
maximum one structure per ligand. The site containing metal ions (also active site), predicted
by SiteMap, was selected for ligand docking. A grid of 15 Angstrom centered on the active site
was generated using the receptor-grid generation module in Glide. Rotatable bonds across the
grid (if any) were checked during grid generation. Finally, prepared ligands and protein with the
grid were docked using the docking module with Extra precision (XP) criterion. These ligands were
ranked based on the docking score.

15. RNA extraction and Qualitative real-time PCR

The extraction of total RNA from various treatments involving root and shoot, was carried out
using the Favor-Prep™ Plant Total RNA Mini Kit (Favorgen Biotech Corporation, Taiwan),
with a sample size of up to 100 mg of plant tissues. To ensure high-quality sequencing of RNA
samples, Bionivid Technology Pvt Ltd (https://www.bionivid.com/) was entrusted with the
RNA sequencing. The libraries were prepared and sequenced using the lllumina HiSEQ 4000
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platform, employing parameters such as 150 bp paired-end sequencing and a minimum of 25
million reads per library. Rigorous quality control was performed on the paired-end sequence
reads using the NGSQC Tool kit, selected reads with a Phred score >Q30 were taken up for
further analysis. For reads alignment, the Solanum lycopersicum cDNA (ITAG 4.0) from SGN
was utilized. Alignment was conducted using Kallisto quant, for the differential expression
analysis DESegR package was employed using default parameters. Transcripts exhibiting a
logz fold change above 1 and a p-value <0.05 were considered as differentially expressed genes
in treated samples, in comparison to the signal values of their respective non-treated samples.
The process of unsupervised hierarchical clustering was employed to analyze the differentially
expressed genes. This clustering analysis was performed using Cluster 3.0, and the results were
visualized using JavaTree Viewv1.1.6. To further enhance the visualization, heatmaps were
generated using an online software tool known as Heatmapper (accessible at
http://www.heatmapper.ca/). For annotation, all the differentially expressed transcript se-
guences were subjected to BLASTN against the Refseq Plant database to obtain Gene Ontology
(GO) and KEGG Pathways information for the complete dataset. for significantly differentially
expressed genes, Gene Ontology (Biological Processes, Cellular Components, and Molecular
Functions) information were obtained from Ensemble Plant Biomart (SL3.0). Gene specific
primers were designed using PRIMER plus version 2.0 for validation of differentially ex-
pressed genes using quantitative real-time PCR. Reactions were performed in 96-well plates
designed for performing RT-gPCR using Bio-Rad CFX96 Touch Real-time PCR and Agilent
Mx3000P QPCR systems. Normalization of obtained expression data was done using tomato

GAPDH gene. Relative expression was quantified using AAct method [263].

16. Construction of pSIPAP15: GUS transcriptional fusion construct

SIPAP15 harbor multiple P1BS (GNATATNC) elements, in 1-kb upstream promoter region.
This region was amplified by PCR using gDNA of tomato as template. PCR product and binary
vector pPCAMBIA1391z was further purified and double digested with specific restriction en-
zymes. Ligation of was performed using vector and insert ratio of (1:6) with the help of
T4ADNA Ligase (Invitrogen Life Technologies, USA, catalog number: 5224017). The next day
ligation mixture underwent transformation into E. coli cells. Transformants were grown on
selective plates supplemented with 50 mg/L Kanamycin (Himedia, cataloge number: 25389-
94-0), followed by colony PCR confirmation. Post PCR confirmation, plasmid was isolated
from positive colonies and confirmed finally by Sanger sequencing. The confirmed plasmid

was finally transformed via freeze thaw method into Agrobacterium tumefaciens strain
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LB4404. The transformed colony was cultured, and glycerol stock was prepared for further ex-

periments.

17. Generation of constructs for transient gene silencing

SGN database was used to examine the SIPAP15 gene features having gene locus ID
Solyc09g091910. The genomic sequence was extracted from SGN database ITAG 3.20. The
obtained exons were submitted to CRISPR-P 2.0 online tool
(http://crispr.hzau.edu.cn/CRISPR2/) to find the best guide sequence. Parameters like NGG-

PAM, U6 snoRNA promoter and exon sequence were considered as decisive parameters for
the selection of gRNA. Guides were selected based on their high target potential, low off-target
value and a free 5’ end in secondary structure. Restriction enzyme used for the cloning of
gRNA is Bsal, with the addition of AtU6 promoter to the selected guide sequence (https://gate-
wayvectors.vib.be/collection/pen-2xatu6-template). PCR was employed to insert the dual
guide and the complete fragment was purified as mentioned earlier. The destination vector
pPFASTRK-AtCas9-AtU6 (https://gatewayvectors.vib.be/collection/pfastrk-atcas9-atu6-scaf-
fold) and the PCR purified fragments were double digested using EcoRI and Pstl, followed by
ligation, transformation and final confirmation using colony PCR. Double digestion was per-
formed using EcoRI and Pstl to confirm the cloning. Finally, the cloned fragment was con-
firmed using Sanger sequencing. Confirmed plasmids were transformed via freeze thaw, into
AGL1 (agrobacterium competent cells) for generation of KO lines. Plant tissue culture was
opted for generation of these lines, where the explants were prepared using the cv Pusa Ruby
in 1/2 X MS solid media supplemented with kanamycin.

18. Generation of CRISPR/Cas9 knockout (KO) lines of SIPAP15

SGN database was used to examine the SIPAP15 gene features having gene ID
Solyc09g091910. The exons obtained from the SGN database ITAG 3.20 were subjected to
analysis using the CRISPR-P 2.0 online tool (http://crispr.hzau.edu.cn/CRISPR?2/) to identify

the optimal guide sequence. Parameters such as NGG-PAM and U6 snoRNA promoter and

exon sequence were considered as decisive parameters. Guides were selected based on their
high target potential, low off-target value and a free 5 end in secondary structure. Restriction
enzyme used for the cloning is Bsal, with the addition of AtU6promoter to the selected guide

sequence (https://gatewayvectors.vib.be/collection/pen-2xatu6-template). PCR was employed

to insert the dual guide and the complete fragment was purified as mentioned earlier. The PCR-
purified fragments and the destination vector pFASTRK-AtCas9-AtU6 (available at
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https://qgatewayvectors.vib.be/collection/pfastrk-atcas9-atu6-scaffold) underwent double di-

gestion using EcoRI and Pstl, followed by ligation, transformation and final confirmation us-
ing colony PCR and double digestion was done. Finally, the cloned fragment was confirmed
using Sanger sequencing. Confirmed plasmids were transformed into AGL1 cells for genera-

tion of KO lines.

16.1 Generation of CRISPR Cas9 KO lines using plant tissue culture

Confirmed colonies are transformed into AGL1 and culture in YEM broth followed by incu-
bation for 24 h at 28 °C with 180 rpm. 15 ml of YEM culture was inoculated with 1 % of
primary culture for 18 h at 28 °C with 180 rpm. Cells were harvested once the OD 600 reached
0.5. Centrifugation was done at, 8000 g for 10 min at 20 °C. Pelleted cells were resuspended
in 2 % MSO (20 g/L sucrose, 0.4 mg/L thiamine, 100 mg/L myo-inositol, 4.3 g/L MS salts).
Final adjustment of number of cells was done to 1x108 cells/mL. Tomato seeds of cv Pusa
Ruby were washed as earlier and rinsed at least for 10 times with ADDW under sterile condi-
tions. Seeds were grown in dark for 2-days and then kept in light on 3rd day. Explants were
prepared using the cotyledons and further incubated in KCMS (potassium containing MS)
plates (sucrose 30 g/L, zeatin 0.1 mg/L, 2, 4-dichloro phenoxy acetic acid, thiamine 1.3 mg/L,
myo-inositol 100 mg/L, 4.3 g/L MS salts, 200 mg/L KH2POa, 0.8 % Agar, pH 6.0) in dark at
25 °C for two days. Two days post incubation, explants were treated with AGL1 resuspension
culture for 10 min. Explants were soaked in sterile tissue paper and then transferred on
KCMS/co-cultivation agar plates at 28 °C for 48 h. Shifting of explants was done in plant
regeneration selective medium 2-ZKC (cefotaxime 500 mg/L , kanamycin 100 mg/L, zeatin 2
mg/L, sucrose 20 g/L, myo-inositol 100 mg/L, Nitsch vitamins 1 ml/L (1000 X), 4.3 g/L MS
salts and 0.8 % agar) via placing the side facing upward that is adaxial. Explants performing
better were sub-cultured to 2ZKC plates every week for three consecutive weeks. Finally, they
are transferred to 1-ZKC plates (cefotaxime 500 mg/L, zeatin 1mg/L, kanamycin 100mg/L)
bi-weekly. The process of transferring to selection plates continued until shoots emerged from
the callus and possessed a minimum of one internode. Leaf samples were collected from de-
veloped calli in order to examine the incorporation of the Cas9 cassette. Cas9 confirmed plant-
lets were transferred to rooting media (sucrose 30 g/L, MS salts 4.3 g/L, Nitsch vitamins
(1000X), agar 0.8 % and pH 6.0). Once root got emerged, then the plantlets were transferred

to peat for three weeks for hardening and finally To lines were shifted to pots in green house.
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19. Screening of lines for Cas9 cassette and Indels (insertion/deletion) presence in
SIPAP15

Extraction of gDNA from the emerged leaf of calli and shoots was done by using Dellaporta
method [264]. The isolated gDNA was confirmed in the Agarose gel and then used as a tem-
plate for screening of Cas9-positive lines in To generation. Primers were designed using the
Gene runner tool to amplify 350 bp region upstream and downstream of target region within
the gene. Reference sequence of wild type i.e Pusa Ruby gDNA was taken for alignment. Am-
plified fragment from both wild type and the expected edited line was sent for Sanger sequenc-
ing. Analysis of sequences were done using ICE online tool (Synthego- CRISPR performance
analysis). The confirmed plants were carefully taken to pots in the greenhouse and maintained
till the seed were harvested. The confirmed lines in each generation were again screened for
the presence of Cas9 and indels as mentioned above finally at Tz generation for Cas9-ve line
and also the presence of Indels in them by amplification of exon sequences, containing indel
followed by sanger sequencing. The confirmed lines were checked finally for any off-targets
by PCR amplification of the off target in WT and Cas9-ve transgenic line, followed by sanger
sequencing. Simultaneously, lines were transferred to pots in the greenhouse and maintained
for harvesting T, generation seeds. The independent lines T, seeds were grown in %2 MS-agar
supplemented with kanamycin (100 mg/L) agar bottles. Wild-type seeds were used as a nega-
tive control in this selection strategy. After four weeks, gDNA was isolated from the leaves of
the plantlets and transferred to coconut peat, followed by their transfer to the greenhouse after
another week. Plants were grown further to T> generation in greenhouse, and confirmed for

Cas9 negative lines.

20. Screening of the KO lines for presence of any off-targets

Potential off-target list obtained while choosing guides in CRISPR-P 2.0 online tool were an-
alyzed. Off-target guides situated in the CDS of other genes were selected for screening. Fur-
ther, the selected SIPAP15 guide was used as BLAST query in the Sol genomics database to
screen for any other off-targets in the tomato genome. Primers were designed for all the target
genes with hit in the CDS region as mentioned above and fragments were PCR amplified,

purified and sent for Sanger sequencing for any off-targets editing.

21. Generation and histochemical staining of pSIPAP15: GUS Arabidopsis lines

The WT Col-0 and Arabidopsis homozygous SIPAP15 stable promoter line seeds were surface
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sterilized. 70 % ethanol was used for sterilization with proper stirring for two min, with sub-
sequent treatment with 4 % sodium hypochlorite for 10 min in a laminar air flow. Seeds wash-
ing was done multiple times with ADDW and placed in agar plates. The plates with the were
kept at 4 °C in dark (wrapped with aluminum foil) for three days. Subsequently, the plates
were transferred to culture room with a temperature of 22 °C and a light-dark cycle of 16/8 h.
Three days post incubation, seedlings were moved to ¥2 MS-Agar plates containing high or
low phosphate and then grown for the next 15 days. Careful attention was given to avoid dam-
aging the roots while removing the seedlings. For histochemical staining, the seedlings that
were washed with DDW and placed in a GUS solution prepared in phosphate buffer 50 mM
(pH 7.2) containing, KsFe (CN)s (5 mM), KaFe (CN)s (5 mM), Triton X-100 0.2 % (v/v), and
X-Gluc (2 mM). The seedlings were then incubated overnight at 37 °C with gentle shaking.
To remove the chlorophyll, leaves were de-stained using 70-95 % ethanol solutions. Finally,

images of the seedlings were captured using light microscope.

22. Transactivation of SIPAP15 promoters by SIPHR1/SIPHL1 in N. benthamiana: pCAM-
BIA1391z: SIPAP15 with pPCAMBIA1302:SIPHR1/L1

The pre-transformed recombinants in agrobacteria were used for infiltration for transactivation
assay as described earlier by K. Norkunas et al. (2018) [265]. In brief, YEM plates were pre-
pared containing kanamycin (50 mg/L) and rifampicin (30 mg/L). Plates were inoculated with
single colony for each construct and incubated for 24 h at 28 °C. The subsequent secondary
cultures were maintained in YEM supplemented with earlier mentioned kanamycin and rifam-
picin antibiotics and 200 uM Acetosyringone. Cultures were grown for 24h at 28 °C. The next
day, bacterial cultures were centrifuged and the supernatant was discarded. The pellet was
resuspended in buffer [MES (10 mM), MgCl> (10 mM), Acetosyringone (200 uM)] to get
ODsoo of 1. Cultures were incubated for 2 h and infiltrated in upper leaf of 6-8-week-old plants
with different plasmids mixed in a 1:1:1 ratio ()CAMBIA1391z-SIPAP15: GUS: pCAM-
BIA2302:PHR1/L1: p19) or (p)CAMBIA1391z-GUS: pCAMBIA2302:PHR1/L1: p19). Af-
terwards, plants were at first kept in dark for 24 h and subsequently in a culture room at 22 °C
with a relative humidity of 65 % and aforementioned light intensity and photoperiod cycle for
next 72 h.

23. Generation of Over-expression line of SIPAP15
Data pertaining to SIPAP15 gene was analysed in the SGN, using gene ID, Solyc09g091910,
and the coding sequence were extracted from ITAG 3.20 in SGN database. The coding
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sequence was amplified using cDNA, and then amplified product was purified using the kit as
mentioned above. pB1121 expression vector was used for generation of overexpression lines.
Double digestion of both the vector and purified PCR product was done using restriction en-
zymes Xbal and Sacl at 37 °C for 30 min. Further ligation was kept for overnight at 16 °C
using T4DNA ligase enzyme, followed by transformation, colony PCR confirmation and dou-
ble digestion. The cloned product was confirmed again via sequencing and finally transformed
in Agrobacterium AGL-1 cells. Lab optimized stable tomato transformation protocol was used

to generate the overexpression lines. In total 10 overexpression lines were generated.

24. Western Blot analysis

500 mg of fresh leaf tissue was pulverized for the crude protein using pre-chilled motor and
pestle. The pulverized tissue was resuspended in pre-chilled protein extraction buffer solution
(100 mM Tris-base pH 7.5, 10 % glycerol, 100 mM Na,-EDTA, 2 mM EGTA, 2 mM PMSF
and 1X-protease arrest) and incubated on ice for 30 min [266]. The samples were followed by
centrifuging at 20,000 RCF (relative centrifugal force) for 30 min at 4 °C and the supernatant
was collected. Quantification of the crude protein was done using Bradford reagent, while BSA
(Bovine serum albumin) was used for plotting the standard curve [267]. Then, 10 ug protein
was taken for western blot analysis to check the protein levels in SIPAP26b silenced and non-
silenced seedlings. In brief, 10 ug of protein of all the samples were run on 15 % SDS-PAGE,
and protein was further transferred by semi-dry blotting onto PVDF membrane (Immun-Blot,
Bio-Rad, USA) for 1% h in 25 mM Tris-base, 190 mM glycine and 20 % methanol. The blots
were washed 4-5 times at 10 min intervals with 1X TBST buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 0.1 % Tween 20) and then the blots were blocked with 5 % BSA at 4°C overnight.
Further, the blots were washed as described above and incubated for 1h with 1/5000 dilution
SISPX2 polyclonal antibody (generated in rabbits against the synthesized peptide:
CEPKRSVSSGDGDDVRASKR by Abgenex Pvt. Ltd. India). Unbounded antibodies were
washed away with 1X TBST buffer as described above, and then blots were incubated in
1/20000 dilution of peroxidase-conjugated Goat anti-Rabbit IgG (Abgenex Pvt. Ltd.) for 1h.
Further, the blots were washed thoroughly with 1X TBST buffer, as described earlier. The
visualization of the specific protein in blots was done by adding the equal ratio mixture of
luminol and peroxide solution on the blots, and images were developed using Clarity western
ECL substrate in ChemiDoc XRS+ system (Bio-Rad USA) [266].

25. Virus-induced gene silencing method (VIGS)
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Tomato seedlings were grown for a period of seven days, as mentioned in the preceding sec-
tions. To suppress the expression of candidate genes, namely SIPAP15, SIPAP17b, SIPAP26a
and SIPAP26b, the VIGS was employed as demonstrated by M. Senthil Kumar et al.
(2013)[268]. In summary, culture of constructs was kept in YEM broth media with Rifampicin
at 30 mg/L and Kanamycin at 50 mg/L, followed by incubation at 28°C overnight. On the
following day, the secondary culture was introduced into Induction Media (IM) comprising
kanamycin at 50 mg/L, rifampicin at 30 mg/L, and Acetosyringone at a concentration of 200
uM, and incubated at 28 °C for 24 h. The cells were then collected by centrifugation at 3000xg
for 10 min, and resuspended gently using an equal volume to that of the original culture me-
dium (10 mM MgClz, 10 mM MES at pH 5.5). Once more, centrifugation was performed at
3000xg for 10 min, and subsequently, the cells were resuspended in a buffer containing MgCl»
(20 mM), MES (10 mM) at pH 5.5, using half the volume of the secondary culture. The final
mixture was prepared using (1) pTRV1 and pTRV2-SIPAP15/SIPAP17b/SIPAP26a/SIPAP26b
(2) pTRV1 and pTRV2-SIPDS (3) pTRV1 and pTRV2. The mixture was mixed in 1:1 ratio,
resulting in final optical density (O.D.) of 0.15 at 600 nm. The final cultures were then infil-
trated into both cotyledons using 1 mL syringe. These seedlings were grown in culture room
maintained at 22 °C, 65 % relative humidity, and a light intensity of 200 pmol/m?/s?, with a
photoperiodic cycle of 16 h light and 8 h dark, for a period of seven days. On the next day, they
were subdivided into two groups containing HP (1.25 mM) and LP (5 pM, LP) media for the
next 15 days. Post termination the VIGS plants were tested for the presence of viral coat-protein
(Cp) gene. Primer specific to Cp was made and a standard PCR reaction was kept to check for
the amplification in silenced seedlings. All the Cp confirmed plants were utilized for RNA

isolation and morpho-physiology and biochemical study.

26. Plant growth condition for AM symbiosis study

For the AM fungi root colonization experiments, tomato (Solanum lycopersicum cv. Pusa
Ruby) seeds were sterilized as described earlier. For mycorrhizae treatment, pots were filled
with autoclaved sand and mixed with VAMCARE (a biostimulant containing Glomus species,
purchased from GENUINE FERT & PEST PVT. LTD., Bangalore, India; https://farm-

erscastle.com/product/vam/), as described by us previously, Srivastava et al. (2021)[242]. In

each pot, 5 g of VAMCARE containing 300 AM spores was mixed with 400 g sand. Inoculation
of heat-killed mycorrhizae acted as the control for the AM fungi experiments. Tomato seeds
were germinated and then transferred to pots containing half-strength Hoagland’s media and

grown for 14 days in a culture room. The seedlings were then transferred to autoclaved sand
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(400 g/per pot) in the presence of active or heat-killed mycorrhizae. The experiment was per-
formed with 10-15 seedlings per set. Half-strength Hoagland’s media (200 M P) was provided
to the growing plants twice a week. Control and AM fungi-treated pots were placed in separate
trays to avoid cross-contamination. Plants were grown for 21 days in the same culture room
and then harvested for further assays. During the experiments, the position of each pot was

arbitrarily changed to avoid any position effect.

27. Optimization of mycorrhizae and phosphate concentration

For mycorrhizae treatment, five different concentration was taken (1 g,29,59g,10g,20g; 1
gm = 50 spores) and was added to 400g sand after mixing. Autoclaved sand (400 g with heat
killed mycorrhizae) alone in each pot was used as a control. Nutrient solutions with four dif-
ferent concentrations of Pi (50 uM, 100 uM, 200 pM, 50 uM, 1.25 mM) was administered to
the sand twice a week. The final Pi concentration used for the experiment is 200 M, which is
supplemented weekly twice in sand containing 5 g (optimized mycorrhizae concentration). To
work under natural conditions 400 g of red soil was taken and mixed with 5 g of mycorrhizae.
Plants were grown for 4 weeks and then harvested for further assays.

28. Histochemical staining of roots

28.1. Pelikan Ink blue staining

The AM fungi colonization of roots was confirmed by Pelikan ink blue staining method [269].
After harvesting, the roots were washed with DDW to remove the tanned area. Further, 10 %
KOH was used for clearing the remaining tanned region at 90 °C for 15-20 min. The roots were
washed again with double distilled water and stained using Pelikan blue ink-vinegar staining
reagent. The treated roots were left to stain for 2-3 min, followed by destaining using concen-
trated glacial acetic acid. The stained roots were checked to confirm the extent of AM fungi
colonization under a light microscope (Leica M105FC, Germany) at 40X magnification.

28.2. Uvitex-2B staining

For Uvitex-2B staining we have used the same procedure as mentioned above till washing.
Further, 10 % KOH was used to clear the tanned region at 90 °C for 2 h. Roots were incubated
at RT for 10 min. Roots were rinsed in water and incubated in Uvitex-2B (0.05 %) at 90 °C for
120 min. Roots were kept in water overnight to eliminate the excess Uvitex2B. Slides were
prepared the next day and microscopy was performed. Two independent acquisitions were per-
formed, one at 405/420-480 (excitation/emission) for Uvitex2B and one at 488/530 LP for

auto-fluorescence, with pinhole sizes of 102 and 100 um, respectively [270].
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29. Mycorrhizal growth response (MGR) and Mycorrhizal effectivity ration (MER)

To calculate MGR, whole plant was at first taken out from sand and then the roots were washed
out using running water multiple times until the tanned area was cleaned. Then the roots were
soaked in tissue paper for a while and then the plant was taken for drying overnight in hot air
oven at 60 °C. Plants were taken out next day and the dry weight was measured in weighing
balance. The mycorrhizal growth response (MGR) was calculated using the dry weight of AM
and NM (non-mycorrhizal) seedlings using the formula (AM-NM)/ (NM) X 100 [271]. While
for MER, mainly the total leaf area was measured using Image J software and then (AM (total
leaf area) -NM (total leaf area)/ (NM (total leaf area) X 100 was used to calculate mycorrhizae
effectivity ratio [272].

30. PUE (Phosphorus use efficiency) and PAE (Phosphorus acquisition efficiency)

PUE is defined as the amount of biomass produced per unit of absorbed P. First total dry weight
was measured using weighing balance. Then total P was calculated from whole plant as de-
scribed earlier. Now, for each plant PUE was measured and the average was taken to check
the changes observed in plant grown under phosphate deficient and sufficient conditions. Same
was also measured in case of mycorrhizae treated plants [273]. While for PAE, it relates to the
different extents to which plants are able to mobilize phosphorus from poorly soluble sources.
Mean PAE (%) = mean [phosphate contents in shoot under phosphate-deficient condi-
tions/phosphate contents under normal phosphate supply (1.25 mm KH2PQO4) x 100][274].
While for Mycorrhizae samples PAE was calculated as the amount of P taken up by roots

expressed in pg P/mg root DW.
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Result

In this study, | first aimed to catalog tomato seedlings' response to low Pi conditions at morpho-
physiological and biochemical levels in the selected Indian and Bulgarian tomato accessions
and identify low Pi sensitive and tolerant germplasm. Then, I studied genome-wide changes at
transcript levels to identify the candidate genes regulating P starvation responses (PSR) in the
seedlings of tolerant and sensitive varieties. Subsequently, I carried out the functional charac-
terization of selected promising PSI candidates to unravel their roles in tomato seedlings. Due
to the lack of knowledge on the functions of plant PAPs during AM colonization, | also char-
acterized tomato PAP20, a non-PSI/Mycorrhizae responsive PAP, for its role in mycorrhiza-
tion. Altogether, the primary objective of this study was to identify the tolerant and sensitive
accessions and functionally characterize promising PSI candidate genes, which could be used

later to bioengineer tomato varieties with improved Pi-acquisition or Pi-use efficiency.
Objective 1:

1. Screening of tomato germplasm under Pi starvation for identifying tolerant and sensi-
tive accessions

In this objective, physio-morphological and biochemical responses of Indian and Bulgarian
genotypes were screened under prolonged Pi starvation at a 15-D time point to identify tolerant
and sensitive varieties. In total, 34 tomato genotypes were screened. Morpho-physiological
parameters such as lateral root number, root hair number and density, total soluble Pi levels,
total anthocyanins content and total P content were investigated to screen tolerant and sensitive
varieties. Overall, the tolerant varieties showed less severe effects of Pi starvation (Fig. 5). The
tolerant varieties exhibited higher photosynthetic efficiency (measured using Fv/Fm and PS 11)
than the sensitive ones. Seedlings dry weight and PUE (Phosphorus use efficiency) was found
to be higher in tolerant varieties as they grew better under Pi deficiency than their sensitive
counterparts. The tolerant varieties also accumulated lower levels of total anthocyanins than
the sensitive accessions (Fig. 6A). Total P content and total soluble Pi in the categorized toler-
ant and sensitive varieties showed varied results. For example, Zlatista, categorized asa sen-
sitive variety in our study, accumulated higher P and soluble Pi content than most of the tolerant
varieties (Fig. 6A). However, we did not find any significant difference in total chlorophylls
and total carbohydrates levels between the tolerant and sensitive varieties (Fig. 7). Based on
the initial screening of tomato accessions, we categorized AV (Arka Vikas) and PR (Pusa
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Ruby) as susceptible varieties, and AVai (Arka Vaibhav) and CLN as tolerant varieties (Fig.
8A).
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Fig 5: Screening of tomato germplasm under Pi starvation. Tomato seedlings phenotypes of
the selected tolerant and sensitive varieties grown under HP and LP conditions. The seedlings
of sensitive varieties showed severely inhibited shoot growth. HP = High Phosphate, LP = Low
Phosphate.
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Fig 6: Physiological and biochemical analyses of selected tolerant and sensitive varieties
grown under HP and LP conditions. Higher photosynthetic efficiency Fv/Fm, PSII, total dry
weight (DW), Phosphorus use efficiency (PUE) and lower total anthocyanins accumulation
was observed in tolerant varieties. Total soluble Pi content and total P content were measured
in all the candidate tolerant and sensitive genotypes. DAT = Day after treatment.
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Fig 7: Analysis of total Chlorophyll a, Chlorophyll b, total chlorophylls, total carotenoids and
total carbohydrates content in tolerant and sensitive varieties.
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The detailed re-analysis of the selected tolerant (AVai and CLN) and sensitive varieties (AV
and PR) confirmed higher leaf biomass and fresh weight in the tolerant accessions under LP
condition (Fig. 8B) (Fig. 9C). Interestingly, the tolerant varieties accumulated lower total Pi
levels than the sensitive variety under the LP condition, while such change was also noticed
under HP condition, when PR was compared with CLN. (Fig. 9D) (Fig. 8F).
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Fig 8: Physio-biochemical characterization of tolerant and sensitive genotypes under HP
condition (A) Shoot phenotype. (B) Leaf morphology. (C-D) Fresh weight and total biomass.
(E-F) Total anthocyanins content and total soluble Pi content. (G) PUE (phosphorus use effi-
ciency). (H) Photosynthetic efficiency. The red bar at the bottom of the graphs indicates
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sensitive varieties and the green bar is used for tolerant varieties. The experiment was repeated
at least twice.

We also checked the earlier-mentioned parameters for in-depth analysis. We observed higher
biomass, PUE, and photosynthetic efficiency in tolerant genotypes under LP conditions. Under
HP condition, we did not notice any such change except for total soluble Pi content. The Pi
content was found to be reduced in Avai, a tolerant variety (Fig. 8D, G, H) (Fig. 9B, E, F).
Surprisingly, almost negligible anthocyanins accumulation was observed in tolerant genotypes
under HP and LP conditions (Fig. 8E) (Fig. 9C). We also observed lesser root hairs and de-
creased lateral root density in the tolerant varieties than in sensitive varieties under LP condi-
tions (Fig. 9G-I). We also investigated reactive oxygen levels (ROS) in these varieties. ROS
generated under phosphate stress can disrupt cellular redox balance, leading to a compromised
antioxidant defense system. NBT/DAB staining and subsequent quantification showed lower
accumulation of O% and H,0 in the leaves of tolerant varieties than in sensitive varieties (Fig.
10A-D). Owing to the peroxidase activity associated with some PAPs, we next checked the
root surface associated APase activity (SAP) and intracellular APase activity (IAP) in both
tolerant and sensitive varieties. This analysis showed significantly lower APase activity in tol-
erant than in sensitive varieties (Fig. 10E, F). In search of the probable genes responsi-
ble for the reduced APase activity, we then checked the expression of root preferential PSI
SIPAP genes (SIPAP1, SIPAP9b, SIPAP10b, SIPAP15, SIPAP17b, and SIPAP26b). Interest-
ingly, milder induction in the mRNA levels of SIPAP10b and SIPAP15 was observed in tolerant
varieties than in the sensitive ones (Fig. 11A-F).
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Fig 9: Physio-biochemical characterization of tolerant and sensitive genotypes under LP
conditions (A-B) Fresh weight and total biomass. (C-D) Total anthocyanins content and total
soluble Pi content. (E) PUE (phosphorus use efficiency). (F) Photosynthetic efficiency. (G)
Representative image of root hairs in tomato genotypes screened for change in RSA. (H-1)
Total number of root hairs and lateral roots. N =10, (N= Total number of roots checked from
each experiment).
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Fig 11: Differential expression of SIPAPs in the candidate genotypes (A-F) Transcript pro-
filing of selected PAPs (SIPAP1, SIPAP9a, SIPAP10b, SIPAP15, SIPAP17b and SIPAP26b) in
the roots of tolerant (CLN, AVai) and sensitive (PR, AV) genotypes upon 15-DAT of Pi starva-
tion.

Transcriptome analysis of a tolerant (CLN) and sensitive variety (PR)

To capture the genome-wide transcriptional changes, we studied transcriptomes of PR and
CLN tomato seedlings to identify commonly and distinctly induced phosphorous starvation
inducible (PSI) genes at 15-D of starvation in the two genetic backgrounds. Transcriptome
analysis revealed more upregulated than down-regulated genes in the CLN background (Fig.
12A). A total of 716 transcripts were upregulated (FC >2-fold, p-value 0.05), whereas 413
transcripts were downregulated (FC < 2-fold, p-value-0.05) in the CLN. In contrast, 351 tran-
scripts were upregulated, and 488 transcripts were downregulated in PR, the sensitive variety.
A set of 95 transcripts were identified as the commonly upregulated genes in PR and CLN,
while 65 transcripts were commonly downregulated in both genetic backgrounds (Fig. 12A-
D). Gene ontology analysis of differentially expressed genes (DEGSs) revealed enrichment of
vacuole and endoplasmic reticulum-related functions under ‘cellular component' and hydrolase
activity under "molecular function' categories exclusively in both tolerant and sensitive varie-

ties (Fig. 13A-H). This analysis identified promising PSI candidates from different categories:
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transcription factors, acid phosphatases, transporters, lipid remodeling, and ROS. Genes en-
coding enzymes belonging to the peroxidase class were found to be affected more in PR, while

genes belonging to transporters, F-box, and MY Bs were enriched as DEGs in CLN) (Annexure
6, 7).
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1.1.1. Pistarvation activates the transcription of several transporters in CLN and PR
Scrutiny of the differentially expressed genes for GO and KEGG pathways revealed differential
regulation of many genes with transporter activity. In total, 27 transcripts responding to differ-
ent transporters were differentially expressed in CLN. These transporters are sub-categorized
into inorganic ion transporters and sugar homeostasis. Among inorganic ion transporters, three
sulfate transporters (Solyc04g054730, Solyc049072760, and Solyc099g082550), one amino
acid (Solyc03g013440), one high-affinity nitrate Solyc039g112090, and one ammonium trans-
porters3-like, (Solyc09g065740) were differentially expressed. Among the carbohydrate’s
transporters, higher transcript levels of genes involved in bi-directional sugar transporters
(Solyc039g097570, Solyc04g064630, Solyc05g024260, Solyc03g007360, and
Solyc01g099880), glycerol-3-phosphate transporter (Solyc06g060910) and UDP-galac-
tose/glucose transporter (Solyc08g080270) were observed in CLN. In the sensitive variety, the
total number of transporters in the differentially regulated genes was lesser than in the CLN.
Some of the transporters detected in PR are the highly expressed sugar transporter (ERD6-like)
Solyc02g085170 and two bi-directional sugar transporters, N3-like (Solyc05¢g024260) and
(SWEET5) Solyc03g114200.
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Fig 13: In-depth exploration of biological insights into the differentially expressed genes.
(A-H) Different biological processes, molecular functions, cellular components and KEGG
pathways at 15-DAT in PR and CLN LP seedlings.




1.1.2. Pi starvation differentially alters the expression of many transcription factors in
both genetic backgrounds

A group of proteins that contain approximately 135-380 amino acids conserved SPX domain
are involved in maintaining intracellular inorganic phosphate (Pi) homeostasis in plants and
fungi. PHOSPHATE STARVATION RESPONSE 1 (PHR1) and its homologs are Myb-CC
type transcription factors (TFs) that are the primary positive regulators of PSR in plants. In PR,
the higher accumulation of (SISPX1) Solyc08g060920, (SISPX2) Solyc12g009480 and
(SISPX3) Solyc01g090890 transcripts were detected when compared to that of the tolerant va-
riety. A SIPHR1-like 3 gene was also present in the differentially expressed genes in PR, while
no differentially expressed SIPHR was detected in the tolerant variety. The most prominent
categories in this set of genes belonged to "MYB" transcription factors, which were found to
be in the tolerant variety. Some of the important MYBs in this list include Solyc10g086250
(MYBT75), Solyc10g086270 (MYB113), Solyc05¢g053150 (MYB24), Solyc08g076700
(MYB53). In sensitive variety, Solyc01g094360 (MYBA41), Solyc08g076700 (MYB53),
Solyc11g072060 (MYB97), and Solyc04g005600 (MYB106) were differentially expressed.
Among the downregulated ones, PHL5-like (Solyc10g078720) was commonly downregulated
in both varieties. Besides TF encoding genes, transcripts of purple acid phosphatases such as
Solyc03g098010 (SIPAP17b), Solyc049g016490 (SIPAP16), Solyc07g008570 (SIPAP27c), and
Solyc04g008245 (SIPAP8) were found to be at higher levels in PR.

Objective 2:

2. ldentification and functional characterization of Pi starvation inducible purple acid
phosphatase genes for their roles in Pi acquisition and homeostasis.

Purple acid phosphatases (SIPAPS) are the enzymes that hydrolyze organic phosphate into in-
organic phosphate and liberate Pi. The activity of these enzymes is enhanced in plant tissues
under Pi deficiency. While these enzymes are well-studied in many plant species, the complete
range of their functions in tomato remains poorly explored. This objective identified PSI
SIPAPs for their role in tomato PSR. An inquiry into the tomato genome identified 25 SIPAP
members. These genes were named based on their sequence similarity with Arabidopsis hom-
ologs. Based on the predicted size of the identified proteins, 18 tomato PAP members belonged
to the large purple acid phosphatase category. Of these, 16 tomato PAPs retained all three do-
mains, including pur_ac_phosphN, metallophos and metallophos_C, whereas two SIPAPs,
SIPAP25a, and SIPAP27a, contained only two domains (Table 3). On the contrary, only six
members, including SIPAP4, SIPAP7, SIPAP17a, SIPAP17b, SIPAP23b, and SIPAP24a, have
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only metallophos domain and are grouped into the small PAP category. SIPAP23a harboured
only a pur_ac_phosphN domain. Examination of their gene structure showed varied exons
number from 2 (SIPAP9a; SpePAP9a) to 13 (SIPAP9b) (Fig. 15C). The molecular mass of the
identified PAP members ranged from 25.7 kDa (SIPAP24a) to 73 kDa (SIPAP9a). Prediction
of their subcellular localization disclosed that while SIPAP9a and SIPAP17a are cytoplasmic,
SIPAP7 and SIPAP23a are likely localized at the plasma membrane. The remaining SIPAP
members were predicted to be either secretory and/or lysosomal in their localization (Table 3).
At least three groups, including SIPAP10a:b, SIPAP23a:b, and SIPAP27a:b:c located on chro-

mosomes 1, 4 and 7,

Chr1 Chr2 Chr Chrd Chr s Chré Chr? Chrs Chr Chr 10

San Stant SIPAPN SWAP]  p— Start SPARY St SPAP2E SIPAPISY r SIPAPIG
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Fig 14. Chromosome localization of SIPAPs using MAPchart 2.30 tool. These genes are non-
uniformly distributed in 10 chromosomes. Chromosomes 2 and 11 did not harbour any SIPAP
member.
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Fig 15: Gene structure and motif analysis of the identified tomato SIPAPs. (A) Phylogeny of
tomato SIPAPs. Multiple alignments of the sequences were performed using ClustalW, and the
Neighbor-Joining (NJ) tree was constructed using MEGA7. (B) Conserved motif analysis of
the identified SIPAP protein sequences was done using the MEME Suite 5.1.1 with the follow-
ing parameters: zero or one occurrence per sequence, with at least 6 motifs per protein se-
quence. (C) The intron-exon arrangement of the genomic loci of tomato SIPAPs was made
using GSDS2.0. (D) Arrangement of P1BS cis-regulatory elements in the 3-kb upstream pro-
moter region of the identified SIPAP.

respectively, appears to be tandemly duplicated. Further, based on the location of gene pairs,
namely SIPAP9a:b; SIPAP17a:b, SIPAP18a:b, SIPAP24a:b, and SIPAP26a:b on different chro-
mosomes, these genes seem to have undergone segmental duplication event (Fig. 14). Fur-
ther,18 SIPAPs were found to have all the five conserved blocks with conserved motifs con-
taining characteristics seven metal-binding residues (Fig. 15B). At the same time, the remain-
ing SIPAPs lacked one or more conserved blocks. For instance, SIPAP7 lacks the fifth block
(GHXH), whereas SIPAP15, SIPAP27a, SIPAP27b, and SIPAP27c lack the fourth block
(VXXH). Similarly, SIPAP23a did not contain the third (GNH(D/E) and fifth (GHXH) blocks
(Annexure 2). Further examination of the N-terminal glycosylation sites predicted a variation
in the number of such predicted sites in SIPAPs. While SIPAP18a and SIPAP20 lacked any
glycosylation site, SIPAP1, SIPAP9b, SIPAP10a, SIPAP10b, SIPAP15, SIPAP24b, SIPAP25,
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SIPAP27b, and SIPAP27c were predicted to possess at least five or more glycosylation sites
(Annexure 4). The remaining SIPAPs were predicted to have less than five such sites. The N-
terminal transmembrane helix analysis showed that while 15 SIPAP members lacked this struc-

tural feature, the remaining ten members possessed only one such domain (Annexure 4).
2.1. Prediction of structural elements guiding substrate specificity of tomato SIPAPs

In a recent study, Feder et al. (2020)[68], through homology modeling crystallographic data,
substrate docking simulations, and phylogenetic analysis, reported several active sites that de-
fine substrate specificities of plant SIPAPs. To investigate the conservation of the identified
residues in the newly identified SIPAP members, we performed multiple sequence alignments
of the selected AtPAPs and all SIPAPs. The relative position of the conserved residues is based
on their place in the complete amino acid sequence of SIPAP15. The analysis showed high
conservation in the amino acid residues asparagine (R283) and histidine (R284). In contrast,
the other residues positioned at R337, R338, R374, R375, and the REKA domain spanning
from R433-R437 showed less conservation and varied among the identified SIPAP members
(Fig. 17). Nonetheless, it remained conserved in Arabidopsis, tomato, and S. pennellii,
AtPAP12, SIPAP15, and SPePAP26 homologs. These residues are considered necessary for
substrate binding, irrespective of the identity of the reactant, among tomato and Arabidopsis
homologs. Among the proteins used in this alignment, the atypical REKA domain was found
only in AtPAP15, SIPAP15, and SpePAP15. Other SIPAP members showed the presence of
variants of this motif. Besides REKA, the lysine residue at R337 is also vital for binding to
phytate. This residue is conserved in seven tomato SIPAPs, including SIPAP15, SIPAP26a,
and SIPAP26b (Fig. 17).
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Fig 16: Phylogenetic analysis of Arabidopsis, rice, tomato, and S. pennellii PAP homologs.
(A) The amino acid sequences of the identified homologs were aligned using ClustalW, and the
Neighbor-Joining (NJ) tree was constructed using MEGA7. The evolutionary history was in-
ferred by using the Maximum Likelihood method based on the JTT matrix-based model with
1000 iterations. Values with >50 % supporting the node are indicated. Members of different

SIPAP subfamilies are represented in different colors.
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Fig 17: Alignment of selected AtPAPs, SpePAP, and all SIPAPs. The alignment was done
using ClustalW in BioEdit.
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Table 3. Characteristic features of tomato purple acid phosphatase (SIPAP) genes.

Table 1

Characteristic features of tomato purple acid phosphatase genes
SCN Loci Gene name®  Gene length (bp) Protein (aa) Molecular weight (kDa) Category Domains  Targetf prediction
Solyc01g068380 SIPAPOb 9921 639 713 Large 1,2,3 PM, SP
Solyc012110050  SIPAP10a 2198 432 497 Large 12,3 sP
Solyc01g110060 SIPAP10b 3761 465 532 Large 12,3 SP
Solyc03g098010 SIPAP17b 2445 323 37 Small 2 Cyt
Solyc04g005450 SIPAPSa 3485 648 73 Large 12,3 Lys
SolycO4g008250  SIPAP7 4356 264 06 Small 2 PM
SolycO4g008260 SIPAP4 5215 328 377 Small 2 spP
Solyc(Mg(024640 SIPAP24a 990 225 25.7 Small 2 SP
SolycO4g051640 SIPAP23a 3095 282 319 Small 1 PM
Solyc04g051650 SIPAP23b 1867 27N 309 Small 2 Sp
Solyc(4g080920 SIPAP12 2511 471 542 Large 123 SP, PM, Lys
Solyc05g012260 SIPAP1 5713 606 68.2 Large 123 SP, Lys
Solyc06g072420 SIPAP17a 1930 333 38.1 Small 2 Cyt
Solyc07g007670 SIPAP26b 7151 477 548 Large 123 SP
Solyc07g008550 SIPAP27a 8825 626 709 Large 23 SP, Lys
Solyc07g008560 SIPAP27b 7128 636 723 Large 123 SP, Lys
Solyc07g008570 SIPAP27¢ 6847 630 n7 Large 123 SP, Lys
Solyc07g053070 SIPAP25 2062 456 52.7 Large 13 sP
Solyc07g064500 SIPAP18a 3198 436 494 Large 123 sP
Solyc08g083250 SIPAP24b 5440 608 686 Large 123 SP, Lys
Solyc09g009600  SIPAP21 3770 441 50.4 Large 123 Lys
olyc09g009610  SIPAP20 3927 425 479 Large 123 SP, PM
Solyc09g091910 SIPAP1S 4380 555 632 Large 123 Lys SP
Solyc10g006300 SIPAP18b 4712 438 495 Large 123 SP, Lys
Solyc12g009800  SIPAP26a 3770 477 553 Large 123 Sp

#Nomenclature of tomato SIPAPs was done based on their relative homology with Arabidopsis
PAPs. Domains 1, Pur_ac_phosph_N; 2, Metallophos; 3 Metallophos_C; SP, Secretory path-
way; PM, Plasma membrane; Cyt, cytoplasmic; Lys, lysosomal;

2.2. Phylogenetic analysis of tomato PAPs

The phylogenetic analysis grouped the tomato, S. pennellii, Arabidopsis, and rice PAP proteins
in three major clades (Fig. 16). Both tandemly and segmentally duplicated genes were found
to be closely placed in the phylogenetic tree. One of the major findings of this analysis is that
direct homologs of AtPAP5, AtPAPAG, AtPAP1l, AtPAP14, AtPAP16, AtPAP19, and
AtPAP28 are not present in tomato and S. pennellii genomes. Intriguingly, while AtPAP29
homolog is present in S. pennellii (SpePAP29), its homolog could not be identified in tomato
(Fig. 16). Further, more than one Arabidopsis PAP homologs were identified for several tomato
and S. pennellii PAPs and vice versa. For example, two or more Arabidopsis homologs were
identified for tomato SIPAP21 and SpePAP29. In contrast, two or more homologs of Arabidop-
sis PAPs, AtPAP10, AtPAP18, AtPAP23, and AtPAP26, were identified in tomato and S. pen-
nellii genomes (Fig. 16). In general, PAP members of Arabidopsis, tomato and S. pennellii
were grouped closely than their rice counterparts, indicating a greater degree of evolutionary

closeness amongst dicot PAPSs than their monocot homologs.

65




2.3. Annotation of functional and ligand binding sites in SIPAPs

Prediction of ligand binding sites for all tomato SIPAP proteins was carried out using the Rap-
torX binding prediction server (http://raptorx.uchicago.edu/BindingSite). Based on parameters
such as P-value, unnormalized Global Distance Test (GDT), GDT, uSeqID and SeqlD, Rap-
torX server predicts the 3-D structure model of the query amino acid sequences. This analysis
discovered that the binding sites for ligands like Iron (Fe), N-acetyl-L-D-Glucosamine (NAG),
Cobalt (Co), and Zinc (ZN) are conserved in most of the SIPAP proteins. Besides Fe and Zn,
Mn is also predicted as a ligand for SIPAP7. Pocket Multiplicity analysis, which calculates the
frequency of the selected pocket (active site) in a set of ligand-binding protein structure, pre-
dicted varied numbers (between 1 to 5) of the anticipated pockets in SIPAP proteins. Whereas
SIPAP17a, SIPAP17b, and SIPAP24a were predicted to harbour one pocket each, SIPAP4 and
SIPAP23Db are projected to have two ligand binding sites. Zn appears to be the most preferred
ligand for tomato SIPAP members with 1 or 2-pocket multiplicity. The remaining tomato
SIPAP proteins have 3-5 pocket multiplicity comprising 1 to 9 binding residues. Overall, Fe
and NAG were predicted to be the top ligands. The details of annotated SIPAPs for ligand

binding sites are shown in (Annexure 3).

2.4. SIPAP homologs exhibit diverse transcript profiles during tomato development
Scrutiny of their spatiotemporal expression in different tissues (root, leaf, stem, flower bud,
and flower) and at the different stages of fruit development (1-cm, 2-cm, 3-cm, immature green,
mature green, breaker, breaker+5, and breaker+10) at RNA levels in tomato and its wild rela-
tives, S. pimpinellifolium and S. pennellii was done by mining the online available gene ex-
pression data [275][276].
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Fig 18: Expression profile of SIPAPs in tomato and its wild relatives. (A) Expression profiles
of purple acid phosphatases appear to be primarily conserved in tomato and its two wild
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relatives, S. pimpinellifolium and S. pennellii, during development. Expression data from the
published studies (TGC, 2012; Bolger et al., 2014) were mined to retrieve profiles of SIPAP
homologs. Heatmaps were generated using log2 RPKM/FPKM values in R. L, leaf; R, root;
Fl, flower; Ft-1 to -3, fruit 1-cm, 2-cm, and 3-cm diameter; MG, mature green; B, breaker; 1G,
immature green fruit; MF, mature fruit.

This analysis divided these genes into three groups, including highly expressed (12 genes),
moderately expressed (6 genes) and weakly expressed (7 genes) SIPAPs (Fig. 18). We ob-
served highly similar expression patterns of tomato PAP homologs in at least two of the three
genetic backgrounds. For example, in the weakly expressed category, four members, including
PAP10a, PAP20, PAP21, and PAP25 were common in all three genotypes. At least six PAP
homologs, including PAP1, PAP9a, PAP15, PAP18b, PAP26b, and PAP27b, were predomi-
nantly expressed in tomato and S. pennellii root tissue. Further, SIPAP9a-b, SIPAP17a-b,
SIPAP26a-b, and SIPAP27c homologs displayed high mRNA levels in the reproductive tissues
in both tomato and S. pennellii (Fig. 18). PAP17a homologs showed exceptionally high ex-
pression in flowers in both tomato and S. pennellii. Similarly, several PAP homologs, including
PAP1, PAP9a, PAP18a, PAP24b and PAP26b showed higher transcript levels at mature
fruit/ripening stages in all three genetic backgrounds (Fig. 18).

2.5. Transcriptome study of Pi starved seedlings at 8-D and 15-D time points

Next, we studied transcriptomes of tomato seedlings (unpublished data, Akash et al.) to identify
phosphorous starvation inducible (PSI) genes on a global scale. To provide a framework for un-
derstanding how tomato genes respond to Pi starvation, we compared mRNA populations from
8-D and 15-D HP-grown seedlings transcriptome with that of 8-D and 15-D LP- grown seedlings,
respectively. Genes altered by at least 2-fold (log2=1) at p-value <0.05 in their mRNA levels in
the DESeq analysis were considered differentially regulated. In our in-house transcriptome data,
21 SIPAPs were detected. Higher expression of SIPAP7, SIPAP10b, SIPAP12, SIPAP15,
SIPAP17b and SIPAP26b at both time points post starvation explains their Pi responsive nature
(Fig. 19A). Our data on PAPs found a good correlation with earlier published transcriptome data
by Pfaff et al. (2020) where these genes have also been reported to be early responsive to Pi
starvation[277]. We also studied tomato seedlings' proteomes and observed a higher abundance
of SIPAP10b, SIPAP15, and SIPAP26b peptides in LP-grown seedlings than their HP counter-
parts. Besides this, the proteome data also observed moderately higher peptide levels of other
SIPAPs, such as SIPAP1, SIPAP10a, and SIPAP27b (Fig. 19B).
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Fig 19: Expression profiling of SIPAPs in HP and LP-grown seedlings (A) Identification of
differentially regulated SIPAPs under Pi starvation condition at 8-D and 15-D of Pi starvation
in tomato seedlings of Pusa Ruby cultivar. (B) Validation of the selected highly expressed
SIPAPs at the protein level. (C) Expression profile of a selected candidate SIPAPs in different
minerals stresses. —P= without phosphate, -Mg= without magnesium, —Ca= without calcium,
—N= without nitrogen and —K= without potassium. Error bar shows standard deviation. Plants
grown in Hoagland's medium with 1.25 mM Pi were used as a control to calculate the relative
gene expression.

The differentially regulated SIPAPs in transcriptome data were validated in the root and shoot
tissues of HP- and LP-grown tomato seedlings using RT-gPCR at 8-D and 15-D time points.
We studied the transcript abundance of all 25 SIPAPs. We found higher expression of seven
genes in the root and 12 genes in shoot tissue at 8D post Pi starvation (Fig. 20A). At 15D, 14
SIPAPs in the root and 7 SIPAPs in the shoot tissue were upregulated (Fig. 20B). Based on our
RT-gPCR data, SIPAP9a, SIPAP18b, SIPAP18a and SIPAP27b were found to be shoot-specific
on both time points. At the same time, SIPAP4, SIPAP15, SIPAP25, and SIPAP27a are root-
specific. This analysis showed that 20 SIPAP genes are induced, although to varied levels, at

least at one of the time points under Pi deficiency (Fig. 20).
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Fig 20: Validation of RNA-seq results using RT-qPCR approach. Relative expression profiles
of SIPAPs in root- and shoot-tissues under Pi deficiency (5 uM) after 8-day (A) and 15-day
(B). Plants grown in Hoagland's medium with 1.25 mM Pi were used as a control to calculate
the relative gene expression. SIGAPDH was used as an endogenous control.

2.6. Influence of Pi nutrition on mMRNA abundance of SIPAPs

Among the PSI SIPAP genes, SIPAP1, SIPAP7, SIPAP10a, SIPAP12b, SIPAP15, SIPAP17b,
and SIPAP26b showed the highest induction under Pi starvation. Upon further investigations,
it was noticed that SIPAP1 and SIPAP26b are highly induced in shoots at both time points,
whereas SIPAP7, SIPAP15, and SIPAP17b are induced at higher levels only in roots (Fig. 20A-
B). A probe of P1BS element, an element which serves as a binding site for PHR transcription
factors, in the promoters of tomato SIPAPs showed that one to five P1BS elements are present
in the 3-kb upstream promoter regions of PSI SIPAP genes, except SIPAP21, SIPAP23a, and
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SIPAP25, which lacked this cis-element (Fig. 15D). However, apart from having higher ex-
pression upon Pi starvation, we also wanted to know whether SIPAPs are induced under other
mineral nutrient deficiencies. For this, we also checked the mRNA abundance of highly in-
duced PSI PAPs, including, SIPAP1, SIPAP7, SIPAP10b, SIPAP12, SIPAP15, SIPAP17b,
SIPAP26a and SIPAP26b under the deficiency of N, K, and Fe (Fig. 19C). This analysis con-

firmed the PSI nature of SIPAPs as the transcript accumulation of most selected genes.
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Fig 21: Expression of candidate SIPAPs at different stages of plant development (A-C) Ex-
pression analysis of SIPAP15, SIPAP17b, and SIPAP26b gene in different stages/tissues/or-
gans of tomato development. The figures are developed using Multi-Plant eFP Browser 2.0 —
BAR tool. http://bar.utoronto.ca/efp2/Tomato/Tomato _eFPBrowser2.html

Based on their Pi-specific nature and varied expression profiles in different tissues/organs and
at different plant growth and development stages, we selected PSI genes SIPAP15, SIPAP17b,
and SIPAP26b for detailed characterization (Fig. 21). The expression of SIPAP15 is root pref-
erential in nature, while that of SIPAP17b is more in flower buds and seeds. SIPAP26 in tomato
has two close paralogs, SIPAP26a and SIPAP26b (Fig. 21A-C). Due to the ubiquitously low
expression of SIPAP26a in tomato tissues, this gene was not further selected for its detailed
characterization. In contrast, the transcripts level of SIPAP26b is ubiquitous at various stages

of tomato growth and development. Cloning of gene fragments for VIGS for all three genes
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SIPAP15, SIPAP17b, and SIPAP26b was done in the EV (Fig. 22A, B). Double digestion con-
firmed the cloning of these fragments (Fig. 18E). Phytoene desaturase (SIPDS) was used as a

positive control of the VIGS experiments, as its silencing led to a photobleached phenotype of

leaves in plants. Based on the total number of photobleached seedlings in SIPDS-silenced

plants, the efficiency of VIGS experiment was found to be around 90 % (Fig. 23A-D).

Experimental design to study phosphate starvation responses in tomato seedlings
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Fig 22: VIGS Cloning of selected SIPAPs in pTRV2 vector (A-B) Vector maps of pTRV1 and
pTRV2 VIGS plasmids. The pTRV2 was used for cloning of SIPAP15, SIPAP17b, and
SIPAP26b VIGS fragments. (C) PCR amplification of 400 bp VIGS fragments. (D-E) Colony
PCR and restriction double digestion confirmation of SIPAP15, SIPAP17b and SIPAP26b

VIGS plasmids.
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Fig 23: Efficiency of VIGS was measured using SIPDS as a positive control. (A) SIPDS and
SIPAPs VIGS fragments were cloned between CaMV35S promoter (2X35S) and nopaline syn-
thase terminator (NOSt) in pTRV1. pTRV2-SIPDS is a representative vector diagram for SIPAPs
VIGS constructs. RdRp, RNA dependent RNA polymerase; 16 kDa cysteine-rich protein; MP,
movement protein; CP, coat protein; LB and RB, left and right borders of T-DNA; Rz, self-
cleaving ribozyme; MCS, multiple cloning sites. (B-C) Silencing of SIPDS resulted in photo-
bleached leaves in the tomato seedlings. (D) The efficiency of VIGS experiments was calculated
by counting the total number of photobleached plants in SIPDS-infiltrated plants.
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Fig 24: Expression analysis and Insilico study of SIPAP17 (A-B) Expression analysis of
SIPAP17a and SIPAP17b gene at different development stages using multi-Plant eFP Browser
2.0 — BAR tool. (C) Multiple sequence alignment of SIPAP17 paralogs in tomato with the Ar-
abidopsis homologs was performed using CLUSTALX and BioEdit. (D) Phylogeny of SIPAP17
paralogs was created using PhyloGenes tool on the SGN website. (E) Time course kinetics and
recovery of SIPAP17b upon Pi starvation and resupply. (F) Expression profiling of SIPAP17b
upon low Pi with and without the exogenous sucrose supply. +P-S = (HP without sucrose),
+P+S (HP with sucrose), -P-S (LP without sucrose), -P+S = (LP with sucrose).

2.7. SIPAP17b is an early Pi starvation-responsive gene.

SIPAP17 has two paralogs, SIPAP17a, and SIPAP17b. Both genes are the close homolog of
Arabidopsis PAP17 (Fig. 24A, B). Characterization of AtPAP17 revealed its dual localization
to the extracellular matrix and lytic vacuoles. This gene is upregulated at the low Pi condition
and involved in leaf senescence and oxidative stress (Fig. 24C, D). The percentage similarity
of SIPAP17a/b at the nucleotide level with AtPAP17 is ~74 % (Fig. 24C). Due to the non-
PSI nature and its weak expression in tomato plants, we excluded SIPAP17a from further
experiments. SIPAP17b is highly induced at 8-D and 15-D of Pi starvation. Time-course
experiment studying the transcripts of SIPAP17b at different time points showed its induction
after 24h post starvation, indicating it to be an early PSI gene. An immediate recovery in its

transcripts after P resupply implies SIPAP17b to be highly Pi-dependent (Fig. 24E). Higher
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induction of SIPAP17b under LP condition only in the presence of exogenously supplied

sucrose shows that its transcripts level is positively influenced by this sugar (Fig. 24F).
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Fig 25: Characterization of SIPAP17b using VIGS (A) Seedlings phenotype of silenced plants
(B) Confirmation of silencing of SIPAP17b using RT-gPCR (C) Total dry weight was measured
in gram in silenced and unsilenced seedlings (D) Total soluble Pi content of the SIPAP17b
silenced seedlings in HP and LP conditions (E) The total P content of the SIPAP17b silenced
seedlings in HP and LP conditions (F) Secretory APase activity in the SIPAP17b silenced
seedlings (G) PUE (Phosphorus use efficiency) in the silenced and unsilenced seedlings.

2.7.1. Functional characterization of SIPAP17b using VIGS

To get primary insight into the function of SIPAP17b during PSR, we decided to silence this
gene using VIGS transiently. Using standard and lab-optimized VIGS protocols by Senthil
Kumar et al. (2013) and Akash et al. (2022), we used pTRV2:SIPAP17b construct to induce
silencing of this gene in tomato plants[268,278]. The silencing of SIPAP17b was confirmed
by RT-qPCR analysis using gene-specific primers (Fig. 25B). As a positive control for the
VIGS experiments, we also silenced Phytoene desaturase (PDS) genes and scored the char-
acteristic bleaching leaf phenotype in the transiently silenced tomato seedlings. Overall, ex-
cellent silencing efficiency of SIPDS (over 80 %) was observed in the repeated VIGS experi-

ments (Fig. 23A-D). The silencing of this gene was found to modulate plant response to Pi
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starvation at morpho-physiological, biochemical, and molecular levels indicating perturbed

PSR in the silenced tomato seedlings.

2.7.2. Silencing of SIPAP17b leads to altered Pi content in both Pi-sufficient and Pi-defi-
cient seedlings

We first investigated the repercussion of SIPAP17b VIGS at the phenotypic level in both HP
and LP conditions (Fig. 25A). We did not observe any significant change at the phenotypic
level. However, the plant's dry weight has reduced in both HP and LP conditions. We also
found that silenced seedlings accumulated lower levels of total soluble Pi under HP condition
specifically, indicating the perturbed Pi remobilization (Fig. 25C). No difference was observed
in the total P content of silenced and empty vector (EV) control seedlings (Fig. 25D). PUE in
silenced seedlings reduced significantly compared to EV controls (Fig. 25F), indicating it to
be one of the important SIPAPs controlling Pi recycling inside the plant. We also checked
secretory APase activity in the silenced and EV control seedlings but could not detect any

significant difference between the two sets of plants under HP or LP conditions (Fig. 25E).

2.8. Functional characterization of SIPAP26a and SIPAP26b, cytosolic proteins with dif-
ferential expression levels at different stages of plant development

SIPAP26b is one of the closest homologs of Arabidopsis AtPAP26 in tomato (Fig. 26A). Mul-
tiple sequence alignments of SIPAP26a and SIPAP26b with AtPAP26 have shown 81 % and
83 % sequence similarity at the nucleotide level (Fig. 26B). In the RNA-seq data, SIPAP26b
was found to have higher expression in root, shoot, leaves, and to some extent, at the initial
stage of fruit development (Fig. 26D). RT-gPCR further validated this observation, which
confirmed the highest mMRNA abundance of this gene in root, leaf and flower tissues (Fig.
26E). In contrast, its paralog SIPAP26a is weakly expressed throughout all plant growth and
development stages (Fig. 26C). Functional characterization of SIPAP26a also confirmed its
negligible role in controlling phosphate starvation responses. Silencing of this gene resulted
in no change at the phenotypic and biochemical level in tomato seedlings. Upon silencing, no
major difference was observed in total soluble Pi content, SAP, and total anthocyanin contents
in the silenced and EV seedlings in both HP and LP conditions (Fig. 26A-F). As we did not
notice the influence of silencing of SIPAP26a, we took SIPAP26b for its functional character-

ization.
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Fig 26: Expression analysis and Insilico study of SIPAP26 (A) Phylogeny of SIPAP26 genes
was constructed using PhyloGenes in the SGN tool. (B) Multiple sequence alignment of
SIPAP26 paralogs and AtPAP26 was constructed using CLUSTALW and BioEdit. (C-D) Ex-
pression analysis of SIPAP26a and SIPAP26b gene at different development stages using multi-
plant eFP Browser 2.0 — BAR tool. (E) Validation of SIPAP26b transcript levels using RT-
gPCR. WS; whole seedlings, MG; mature green, B; breaker.

2.8.1. SIPAP26b is an early Pi starvation-responsive gene
We also perform time-course kinetics and recovery experiments of SIPAP26b using RT-qPCR.

Its induction within 24 hr of Pi starvation established this as an early PSI gene. Pi resupply
lowered its expression to the levels observed in Pi-sufficient seedlings, indicating its tight reg-
ulation by intracellular Pi levels. Its induction is rapid and more pronounced in the shoot tissue
than in the root (Fig. 27A, B). An exogenous supply of sucrose led to an enhanced transcripts

level of this gene, making it a suitable target gene for its functional characterization (Fig. 27C).
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Fig 27: Transcript profiling of SIPAP26b in a time-course study and its induction upon su-
crose supplementation (A) Time course kinetics and recovery of SIPAP26b in Pi-starved shoot
and root tissues. (B-C) The expression of SIPAP26b with and without exogenous sucrose supply
under HP and LP conditions.
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Fig 28: Silencing of SIPAP26a using VIGS (A) Seedlings phenotype of EV and SIPAP26a
silenced plants under HP and LP conditions (B) Total soluble Pi content in shoot. (C) Total
P content in seedlings (D) Confirmation of SIPAP26a silencing at transcripts level using RT-
gPCR (E) Secretory acid phosphatase activity using pNPP as substrate. (F) Total anthocya-
nins content in silenced and unsilenced seedlings under HP and LP conditions.

2.8.2. Silencing of SIPAP26b perturbs Pi homeostasis in the silenced plants

Next, SIPAP26b was transiently silenced using VIGS, and the infiltrated plants were confirmed
as described previously for SIPAP17b. The SIPDS gene was used as a positive control in the
VIGS experiments. Photobleaching of leaves was observed in all SIPDS-silenced plants, indi-
cating an excellent gene silencing efficiency. The infection of EV controls was confirmed by
PCR analysis using coat protein—specific gene primers. The RT-gPCR analysis confirmed the
silencing of SIPAP26b gene in both Pi-sufficient and Pi-deficient plants compared to the EV
controls (Fig. 29B). SIPAP26b transcripts were downregulated by 65 % in the Pi-sufficient
conditions, and 60 % inhibition in its transcripts was observed in Pi-deficient conditions in the si-

lenced plants compared to EV seedlings.
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2.8.3. SIPAP26b silenced plants accumulated lower Pi levels and exhibited subdued se-
cretory acid phosphatase activity

SIPAP26b silencing resulted in stunted plant growth and appeared more sensitive under LP
conditions (Fig. 29A). Higher accumulation of total anthocyanins content and increased pri-
mary root length in silenced seedlings under LP conditions confirmed these plants' exacer-
bated Pi stress response (Fig. 29D). It also resulted in a lower accumulation of soluble Pi in
silenced plants than EV controls under HP and LP conditions (Fig. 29E). The silenced plants
also accumulated lower total phosphorus levels than their EV control (Fig. 29F). These plants
also showed significantly lower SAP activity, mainly under LP conditions, than their controls
(Fig. 29G). This soluble Pi and decreased SAP activity were further confirmed at molecular
levels by RT-gPCR of selected PSI phosphate transporterl (SIPT1) and acid phosphatase
(SIPAP) genes. SIPT1 and SIPT7 transcripts increased in the silenced plants, especially under

LP conditions, indicating the severity of PSR in the silenced plants.

2.8.4. Impact of SIPAP26b silencing on endogenous carbohydrate content and acid phos-
phatase activity in plants.

Acid phosphatase plays a crucial role in maintaining the plant Pi status by breaking sugar-
conjugated phosphate, such as glucose-6-phosphate, fructose-6-phosphate etc. Higher sucrose,
D-glucose, and D-fructose content in root were noticed in silenced seedlings under LP condi-
tions, while the same is observed under HP conditions except for D-glucose. In the shoot tis-
sue, higher carbohydrate content was observed under LP conditions. Higher D-glucose content
was noticed among the three sugars in the Pi-sufficient seedlings (Fig. 30A, B). In-gel assay
for estimating internal acid phosphatase activity showed lower activity of SIPAP26b (54.8
kDa) in both root and shoot tissues of the silenced plants under HP and LP conditions (Fig.
30C-D).

2.8.5. Expression of PSI genes is affected upon SISPX26b silencing

Higher expression of SIPAP15, SIPAP17b, SIPAP26a, SIPT1 and SIPT7 was noticed in si-
lenced lines under LP condition, majorly in root (FC >2-fold) than in shoot where induction
was observed in SIPAP26a only (Fig. 31A, B). As the regulation of PSI genes is under the
control of SPX-PHR module, we also checked the expression of SISPX2 at the protein level
using western blotting (Fig. 31C, D). Higher accumulation of SISPX2 was noticed in both the
EV control of shoot and root under HP condition than in LP condition. While in silenced

plants, no change in SISPX2 levels was observed in the shoot under HP and LP conditions.
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However, the SISPX2 level has decreased in silenced lines under LP condition in root, but no

change was observed under HP condition (Fig. 31C, D).
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Fig 29: Silencing of SIPAP26b using VIGS (A) Seedlings phenotype of EV controls and
SIPAP26Db silenced plants under HP and LP conditions (B) Confirmation of SIPAP26b silencing
at transcripts level using RT-gPCR (C-D) Root length and total anthocyanins content. (E) Total
soluble Pi content (F) Total P content (G) Root-associated total secretory acid phosphatase
activity (SAP) in EV and SIPAP26b-silenced seedlings.
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Fig 30: Change in total carbohydrate content and APase activity in silenced and unsilenced
seedlings under HP and LP condition (A) Estimation of monosaccharide and disaccharide
sugars in silenced and EV seedlings (B) Level of D-glucose, D-fructose, and sucrose was meas-
ured in root and shoot tissues. (C) In-gel assay in SIPAP26b silenced and EV plants were per-
formed in root and shoot tissues separately. (D) Quantification of APase activity detected in-

gel using ImageJ software.
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Fig 31: Expression profile of PSI genes in silenced lines. (A-B) Expression of candidate
SIPAPs and SIPTs in root and shoot tissue of SIPAP26b silenced lines, under LP condition and
in the shoot under HP condition. (C-D) Western blot analysis of SISPX2 using non-native
PAGE in silenced and unsilenced plants under HP and LP conditions.

2.8.6. SIPAP26b promoter is not a direct target of SIPHR1/L1

To check whether the SPX-PHR module transcriptionally regulates SIPAP26b, we transiently
silenced SISPX1/2 and SIPHR1/L1 separately. Silencing resulted in a more than 50 % decrease
in transcript levels of both SISPXs and SIPHRs (Fig. 32A, B). Because the promoter of
SIPAP26b harbored one P1BS element, it is a likely target of the master regulators of PSR,
SIPHR1/L1 transcription factors. At first, we checked the expression of SIPAP26b in SISPX1/2
and SIPHR1/L1 double silenced seedlings. We did not find any change in the mMRNA abundance
of SIPAP26b in these seedlings compared to their unsilenced EV control (Fig. 32D, E). Next,
we studied the transcriptional activation of the SIPAP26b promoter by SIPHR1/L1 in N. ben-
thamiana. GUS assay was performed for the SIPAP26b promoter activity with and without
SIPHR1/L1 in the co-infiltrated leaves. The negligible GUS activity of the SIPAP26b promoter
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in the presence of SIPHRL1/L2 suggested no binding of these TFs to the P1BS element of the
SIPAP26b promoter, hence no transactivation of GUS gene (Fig. 32C). We further quantified
the GUS by MUG assay, where no fluorescence was noticed in the leaves co-infiltrated with
constructs, pPCAMBIA1302-SIPHR1/L1+ p19 and pPCAMBIA1391z-SIPAP26b + p19. At the
same time, in the positive control, SIPAP15, resulted in higher fluorescence (Fig. 32F). Non-
activation of SIPAP26b promoter activity by SIPHR1/L1 in these experiments and unchanged
transcript levels in SISPX1/2 and SIPHR1/L1 silenced plants indicate transcription regulation
of SIPAP26b independent of these genes.
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Fig 32: Transient transcriptional activation of pSIPAP26b:GUS promoter via binding of
SIPHR1/L1 (A) Confirmation of SIPHR1 and SIPHL1 silencing in SIPHR1 + SIPHL1 double
silenced seedlings. (B) Confirmation of SISPX1 and SISPX2 silencing in SISPX1 + SISPX2 dou-
ble silenced seedlings. (C) GUS assay for SIPAP26b promoter activity with SIPHR1 and SIPHL1
homologs. (D) Transcripts level of SIPAP26b in SISPX1 + SISPX2 double silenced seedlings.
(E) Transcripts level of SIPAP26Db in SIPHR1 + SIPHL1 double silenced seedlings. SIPT1 and
SIPT7 acted as controls (F) Quantification of GUS using MUG assay. Error bars indicate stand-
ard deviation.
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2.9. Functional characterization of SIPAP15, a root-preferential PSI gene

RNA seq data showed SIPAP15 expression to be more limited to root and to some extent in
the flowering stage. RT-qPCR further confirmed its higher mRNA abundance in the root and
floral tissues (Fig. 33A, B). Like SIPAP17b and SIPAP26b, SIPAP15 is rapidly induced upon
Pi starvation and exogenous sucrose supply under LP conditions. During the recovery experi-

ment, ~ 95 % of the transcripts recovered within 15 min of Pi resupply (Fig. 33C-E).
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Fig 33: Expression analysis of SIPAP15 (A-B) Expression analysis of SIPAP15 gene at dif-
ferent development stages using Multi-Plant eFP Browser 2.0 — BAR tool and RT-gqPCR (C)
Expression of SIPAP15 in different tissues and at different time points in RNA-sequencing data.
(D) Time-course kinetics and recovery of SIPAP15 upon Pi starvation and Pi resupply. (E) The
expression level of SIPAP15 upon sucrose treatment in both HP and LP conditions.

2.9.1. SIPAP15 has close sequence similarity at the protein level in Arabidopsis and rice
The multiple sequence alignments of SIPAP15 and its close Arabidopsis and rice homologs
showed good sequence similarity with rice (79.89 %) and Arabidosis (83.78 %) members sug-
gesting conserved functions of three proteins (Fig. 34A, B). The presence of REKA motifs
indicates that the gene has phytase activity.
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Fig 34: Insilico study of SIPAP15 in its close homolog in Rice and Arabidopsis (A) Multiple
sequence alignment of SIPAP15, AtPAP15 and OsPAP15 protein sequences (B) Phylogenetic
analysis of SIPAP15 using PhyloGenes tool from SGN (C) SIPAP15 contains five conserved
motifs. (D) Multiple sequence alignment resulted in the presence of REKA motif in SIPAPs
and in their close orthologue. The lysine residue at R558 and a conserved motif "("REKA™")
in the C-terminal region, positioned between R1064-R1068, have been found necessary for
phytate binding to the plant SIPAP. Selected amino acid residues known to influence the sub-
strate preference, especially phytate, of plant PAPs, according to Feder et al. (2020).
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Fig 35: Homology modeling of SIPAP15 protein. (A) SIPAP15 protein sequence alignment
to Triticum aestivum purple acid phosphatase (PDB:6GIT) template has 74.8 % identity and
91 % query coverage, leaving only N-terminal and C-terminal overhang regions. (B) phi-psi
torsional constraints were validated using the Ramachandran plot. (C) Overall modeled struc-
ture quality was assessed using PROSA server. (D) Modeled 3-D structure of SIPAP15 protein
based on 6GIT template using Modeller v9.20. Functionally important, two iron atoms (red
color) are also incorporated into the model. These three validation methods confirmed the
high quality of the modeled SIPAP15 structure.

Due to its root-preferential transcripts accumulation, predicted secretory and PSI nature, and
presence of the characteristic REKA motif (R433-R437) in the complete sequence, SIPAP15
was selected for further examination. Before homology modeling, 27 amino acid truncation at
N-terminal was made at R406-R410 in the modeled protein to study its structure (Fig. 35A-D).
Its preferential substrate was identified by performing docking studies with different substrates
(Fig. 36). Of the four substrates used in this analysis, only ATP and ADP were successfully
docked with SIPAP15. Surprisingly, neither phytate (IHP) nor phosphoenolpyruvate (PEP) was
found to interact with any of the Fe
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Fig 36: Docking of ATP, ADP, PEP and IHP ligand in the active site of SIPAP15 protein.
(A) Surface and stick representation SIPAP15-ATP complex. Two Fe(lll) atoms are shown as
orange spheres. (B) Interaction of ADP, ATP, PEP and IHP (stick representation) at the active
site of SIPAP15 (cartoon representation). Two functionally important Fe(lll) are shown as
orange spheres. (C) A 2-D ligand interaction map of the ADP/ATP/PEP/IHP-SIPAP15 com-
plex.

metal ions of SIPAP15 and, hence, could not be docked. Although, we noticed that these two
substrates were also reaching the active site when allowed to dock, even without a proper in-
teraction between the substrates and the metallic dinuclear iron center (Fig. 36A, B). The active
sites in the case of ADP and ATP interaction were found to be enriched by basic amino acid
residues. At least one residue of the REKA domain was found to interact with ADP and ATP
(Fig. 36C). While lysine residue of the REKA domain (R408) facilitated the Pi-cation interac-
tion with ADP, glutamate (R407) facilitated such interaction with ATP by forming H-bond
(Fig. 36C). Asparagine (R283) and histidine (R284) form a conserved NH domain and are
present in the active site in both ATP and ADP (Fig. 36C). Other residues, such as glutamate
(R378), asparagine (R283) with ATP and histidine (R402) with ADP, also helped their inter-
action through H-bond. In both the docked proteins, a Tyrosine 203 (R230) residue was found
close to the dinuclear iron center. Three more histidine residues, positioned at R365, R402, and

R404, were also found to be present in both docked proteins (Fig. 36C).
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Fig 37: Silencing of SIPAP15 using VIGS (A) Growth phenotype of SIPAP15 silenced plants
and their EV-controls (B) Confirmation of SIPAP15 silencing at the transcript level (C-D)
Shoot and root fresh weight (E-F) Shoot and root length (G-H) Total soluble Pi content and
total phosphorus in SIPAP15 silenced tomato seedlings under HP and LP conditions, respec-
tively. (1-J) SAP and PAE (phosphorous acquisition efficiency) in SIPAP15 silenced seedlings
and its EV-control under HP and LP conditions.

Fig 38: Root and shoot phenotype of SIPAP15 silenced and EV seedlings.
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2.9.2. VIGS-based characterization of SIPAP15

As described earlier, we observed good efficiency of around 80 % in our positive control SIPDS-
silenced plants. While silencing of this gene resulted in ~65 % lesser SIPAP15 transcripts in the
HP condition, a more robust silencing with ~ 85 % lesser transcripts was found in the LP con-
dition than in their respective control EV plants (Fig. 37B). At the phenotypic level, although
we did not see much change in the silenced and EV seedlings in HP condition, a more severe
phenotype in SIPAP15 silenced seedlings was observed in LP conditions (Fig. 38). Shoot fresh
weight significantly decreased in the silenced seedlings under HP and LP conditions. In contrast,
we noticed increased root fresh weight in the silenced seedlings under LP conditions (Fig. 37C,
D). As evident from shoot length, the change in biomass can be due to the stunted plant growth
observed in silenced seedlings under LP condition, but no such change was observed in HP
condition (Fig. 37E). The primary root length increased in silenced seedlings than EV seedlings
under LP conditions (Fig. 37F). The soluble Pi content and total phosphorus also decreased in
SIPAP15 silenced seedlings than EV controls under HP and LP conditions (Fig. 37G, H). The
silenced plants also exhibited reduced secretory APase activity and PAE, which were reduced

by ~50 %, than their control counterparts under the LP condition (Fig. 371, J).
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Fig 39: ROS accumulation was affected in silenced seedlings under LP condition (A) His-
tochemical staining of ROS using NBT/DAB staining in the leaves of SIPAP15 silenced and
EV seedlings (B-C) Quantification of ROS using ImageJ software (D) Total anthocyanins
content in SIPAP15 silenced seedlings under LP condition.

2.9.3. Silencing of SIPAP15 affects ROS accumulation and total anthocyanin content
ROS levels change in seedlings upon phosphate starvation. Many enzymes are responsible for

either scavenging the generated ROS or reducing the production of ROS. NADPH oxidase is
a class of enzymes that helps generate ROS, while reports have suggested the antioxidant role
of purple acid phosphatase. Hence, we were interested in checking whether SIPAP15 silenced
seedlings had altered ROS levels. NBT/DAB staining in the silenced seedlings resulted in
higher ROS accumulation under LP conditions (Fig. 39A-C), indicating the severity of Pi star-
vation stress in these plants. We also noticed higher anthocyanins content in the silenced seed-

lings than in EV controls under LP conditions (Fig. 39D).
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Fig 40: (A-B) SignalP version 5.0 was used to determine the localization and nature of the

protein sequence.
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Fig 41: BCIP staining for root surface associated APase activity.

2.9.4. Confirmation of SIPAP15 secretory nature using BCIP

In silico analysis by signal prediction 5.0 predicted this gene to be extracellular/secretory/solu-

ble in nature (Fig. 40A, B). The lack of an RGD binding motif in its protein sequence also

confirms this gene does not adhere to the membrane. We also did histochemical staining to

determine any change in root surface-associated APase activity in the silenced and EV control

roots. We found no visible difference in SIPAP15 silenced lines compared to that of unsilenced

EV-control roots in HP and LP conditions (Fig.

41).
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Fig 42: SIPAP15 promoter characterization in stable Arabidopsis transgenic lines (A) Clon-
ing of SIPAP15 promoter in pPCAMBIA1391Z:GUS binary vector (A) Representation of 1-kb
promoter region of SIPAP15 in pCAMBIA1391z:SIPAP15-GUS seedlings. (B) Aerial part (C)
Roots. SIPAP15 promoter activity was checked in 15-D-old Arabidopsis seedlings of tran-
scriptional fusion transgenic line on HP/LP %2 MS solid media.

2.9.5. Characterization of pSIPAP15:GUS in stable Arabidopsis lines
Due to the PSI nature of SIPAP15 and the presence of P1BS elements, we cloned 1-kb pro-

moter region of SIPAP15 harboring two P1BS elements in pPCAMBIA1391z vector (Fig.
42A). Stable transcriptional reporter seven Arabidopsis lines in Col-0 background were gen-
erated. Promoter activity was analyzed using GUS histochemical staining, which showed
higher activity of this promoter in both roots and leaves under the LP condition compared to
the HP condition. A more intense GUS staining was noticed in the roots and leaves of these
lines under LP conditions, supporting its PSI nature (Fig. 42B, C). Interestingly, SIPAP15
promoter showed substantial activity even under HP conditions, indicating its important role

in Pi homeostasis even under Pi-sufficient conditions.
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Fig 43: In-plants transient transcriptional activation of pSIPAP15: GUS promoter via bind-
ing of SIPHR1/L1 (A) Two P1BS (GNATATNC) elements are present in 1-kb upstream se-
quence of SIPAP15 (B) Transcript accumulation of SIPAP15 in SIPHR1 + SIPHL1 and SISPX1
+ SISPX2 silenced seedlings (C) GUS assay for SIPAP15 promoter activity was performed sep-
arately with SIPHR1 and SIPHL1 homologs. (D) Quantification of GUS using MUG assay. Er-
ror bars indicate standard deviation.

2.9.6. SIPAP15 promoter is a direct target of SIPHR1/L1

The presence of two P1BS elements in the 1-Kb upstream promoter region of SIPAP15 indicates
it to be a possible direct target of SIPHR1/L1 (Fig. 43A). To confirm this, we first checked the
MRNA levels of SIPAP15 in SISPX1/2 and SIPHR1/L1 double-silenced seedlings (Fig. 43B).
Down-regulation of SIPAP15 in SIPHR1/L1 double silenced seedlings and its upregulation in
the SISPX1/2 silenced seedlings supported our notion that this gene is under the direct regulation
of SPX-PHR regulatory module (Fig. 43B). To reconfirm the above results, we checked the
transcriptional activation of SIPAP15 promoter by SIPHR1/L1 in N. benthamiana (Fig. 43C).
GUS assay was performed for the SIPAP15 promoter activity with and without SIPHRL1/L2
TFs. The enhanced GUS activity of the SIPAP15 promoter in the presence of SIPHRL1/L2 sug-
gested the activation of this promoter by both TFs (Fig. 43D). More robust activation of
SIPAP15 promoter activity was observed with SIPHL1 compared to PHRL1, indicating a more
prominent role of this TF in activating the SIPAP15 gene in Pi-deficient seedlings.
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2.9.7. Generation and functional characterization of Slpap15°R KO lines under Pi defi-
ciency

We next generated CRISPR/Cas9-based gene-edited knockout (KO) stable mutant tomato lines
of the SIPAP15 gene. For this, we first cloned the guide in pFASTRK vector, followed by se-
quence confirmation via sanger sequencing (Fig. 44A-D). We generated six stable knockout
lines, including Slpap15°R!, Slpap15°R?, SIpap15°R3, Slpap15R* Slpap15°R> and Slpap15CRe.
Two lines Slpap15°!, Slpap15°R? were confirmed by Sanger sequencing. Both KO lines
showed the insertion of 1-base pairs, which disrupted the conserved motif Pur_ac_phosph_N
domain in this protein. The loss of the conserved domain suggested a severely altered function
of the mutated protein in the KO background (Fig. 46B-D). We ruled out any off-target editing

by confiorming the editing in the closest predicted sequence of gRNA via Sanger sequencing.
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Fig 44: Construction of CRISPR pFAST-RK- SIPAP15 expression vector (A) Vectors (pEN-
2xU6 and pFASTRK) used for CRISPR cloning of SIPAP15 using dual guide RNA approach.
(B) Amplification, colony PCR confirmation, and double digestion of final confirmed clone
using EcoRI and Pstl. (C) Sequence confirmation using Sanger sequencing.
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Fig 45: Different stages of plant tissue culture to generate SIPAP15- edited and OX lines in
tomato.
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Fig 46: Generation of Slpap®R knockout tomato lines. (A) Exon-1 and Exon-5 were targeted
for gRNA designing and editing (B) Vector map of pFASTRK-AtCas9-AtU6. (C) One base
pairs insertion was observed in the CRISPR-edited KO lines (D) Domain analysis of SIPAP15
protein sequences in WT and the edited KO lines. One base pairs insertion in the SIPAP15
coding sequence disturbed the conserved domains in this protein.
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Fig 47: Characterization of Slpap15¢R*! KO plants under HP and LP conditions (A) Seedlings
phenotype of wild type (WT) and Slpap15°~! KO lines under HP and LP condition (B) Total
soluble Pi content (C) Total phosphorous content (D) Secretory acid phosphatase activity (E)
PAE (Phosphorus acquisition efficiency) under LP condition. (F) Expression of SIPTs in the
root of Slpap15°R! KO lines under LP conditions.

Similar to the VIGS results, stunted plant growth was observed in Slpap15*! KO line, mainly
under LP conditions (Fig. 47A). The KO line plants also showed decreased soluble Pi and total
phosphorus content under HP and LP conditions (Fig. 47B, C). SAP & PAE was found to be
reduced by ~ 33 % and ~ 50 % respectively, in the case of KO lines under LP condition (Fig.
47E). Interestingly, higher transcripts level of SIPT1 and SIPT7 were observed in KO lines than
WT seedlings under LP condition (Fig. 47F). Because in-silico analysis has predicted phytase
activity for SIPAP15, we also checked this activity in the KO seedlings (Fig. 48A). Phytase
activity was checked in 5-day-old seedlings grown in the presence of organic-P i.e., phytate
and inorganic-P, KH2PO4. We observed lower phytase activity in the KO lines than WT plants
(Fig. 48B).
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Fig 48: Phytase activity at seedling stage in WT and Slpap15°R! KO seeds. A) Wild type (WT)
and Slpap15°Rt KO seeds were grown in the presence of organic (phytate) and inorganic phos-
phate for 5-D post-transfer in %2X MS media (B) Phytase activity at the seedling stage (C) Seed
germination percentage was checked in presence of inorganic (KH2PO.) and organic (Phytate)
source of Pi. (D) Total soluble Pi content in WT and Slpap15°R* KO lines under Pi-sufficient
condition (E) Phytase activity in 30-d-old root under HP and LP conditions. In total 20 seeds
from each wild type and KO line was taken for the study.

Phytase activity remained low even in the root of 30-d-old seedlings under HP and LP condi-
tions (Fig. 48E). Decreased total soluble Pi content in the KO line seedlings indicates seed
germination may be affected in the KO lines (Fig. 48D). For this we calculated seed germina-
tion percentage, which has reduced to 74 % in the presence of KH2PO4 and by 85 % in the
presence of phytate (Fig. 48C).
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Fig 49: APase activity and total P content in wild type (WT) and Slpap15°R! knockout plants
(A) In-gel APase activity in WT and Slpap15°R! knockout line plants grown under HP and LP
conditions (B) Histochemical staining of roots using pNPP as a substrate for plant secretory
acid phosphatase activity (C) Quantification of SAP in WT and Slpap15°®! knockout lines (D-
E) Total phosphorus content in WT and the KO line seedlings grown for five days after ATP
supplementation. The percentage decrease in total P content in seedlings after ATP supple-
mentation under both HP and LP conditions was 35 % and 25 %, respectively.

Consistent with our VIGS result, the reduced APase activity in Slpap15*! KO seedlings also
followed the same trend under LP conditions. This observation was revalidated by in-gel APase
assay, where the absence of a band at 63 kDa confirms the diminished activity of SIPAP15 in
the KO lines compared to wild type under both HP and LP conditions (Fig. 49A). Histochem-
ical staining using pNPP as a substrate also resulted in subdued activity in the case of KO lines
under LP condition, as evident in the quantification results (Fig. 49B, C). Based on the lower
P levels in VIGS-silenced and KO lines plants, we anticipated SIPAP15 role in PAE. To sub-
stantiate this, we provided external ATP (1mM) and checked the total P content in seedlings
of wild type and the KO line. Lower accumulation of total P in the seedlings of the KO line
than the wild type in the presence of an exogenously supplied organic-P source affirms its role
in P acquisition (Fig. 49D). While total P levels in Pi-deficient seedlings reached the levels
observed in Pi-sufficient conditions upon ATP supply, such gain was muted in the KO lines,
indicating SIPAP15 involvement in PAE in tomato (Fig. 49E).
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Fig 50: Preliminary results indicate a role of SIPAP15 in seed development and fruit ripen-
ing (A) Total soluble Pi content in wild type (WT) and Slpap15“** KO lines grown in the
greenhouse at T» generation (B) Expression of SIPAP15 in M82 background fruits in develop-
ing seeds and gel tissue (C) Fruit ripening progression in WT and the KO lines (D) Respiration
rate in the WT and Slpap15°®! line fruits during early ripening stages.

We also noticed the lower Pi content in the leaves of different nodes in the KO lines growing
in the greenhouse at T» generation. This explains its expected role in maintaining Pi uptake and
homeostasis throughout plant development. The significantly affected seed germination in the
KO lines is also intriguing, as SIPAP15 transcripts are barely detectable in the pericarp tissues
of fruits in multiple genetic backgrounds. Interestingly, in RNA-seq data available for the M82
background of tomato, SIPAP15 transcripts are present in seeds and gel tissue (Fig. 50B).
Given the reduced phytase activity and lower Pi levels throughout the development, we antic-
ipate a prominent role of SIPAP15 in mobilizing Pi from organic-P pools in the fruit gel tissue
to the developing seeds at early fruit developmental stages (Fig. 48E, 50A). Therefore, we
checked the fruit ripening trait in the Slpap15°R* KO lines at T2 generation (Fig. 50C). Prelim-

inary data suggest early ripening phenotype and higher respiratory rate in the fruits of KO lines
compared to that of the wild type (Fig. 50D).
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Fig 51: Three months old, wild type, Slpap15°R* and Slpap15°R? T, plants growing in the

greenhouse.
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Fig 52: Generation of SIPAP15 stable overexpression tomato lines (A) Vector map of pBI121-
SIPAP15 used to generate the overexpression (OX) lines (B) Seedlings phenotype of OX lines
in culture room. (C) PCR amplification of CaMV35S promoter fragment using promoter-spe-
cific primers for confirmation of SIPAP15-OX lines (D) RT-gPCR based confirmation of the
SIPAP15-0X (1-5) lines (E) Phytase activity in the 4™ node leaves of OX plants and wild type
in two-month-old plant growing in greenhouse.

2.9.8. Generation of SIPAP15-OX lines and their functional characterization

Next, we generated SIPAP15 stable overexpression lines using the pBl1121 expression vector.
In total, 15 independent 35S:SIPAP15 OX lines were confirmed at the molecular level using
CaMV35S-F and gene specific Rev primers. Of these, 5 OX lines were finally confirmed using
RT-qPCR for the level of SIPAP15 upregulation (Fig. 52C, D). A very high transcripts level
of SIPAP15 was observed in all five OX lines than wild type. Phytase activity was checked in
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the leaves of two months old OX lines and wild-type growing in the greenhouse. Phytase ac-

tivity was found to be enhanced in all OX lines compared to the wild type (Fig. 52E).
Objective 3:

3. Functional characterization of an arbuscular mycorrhiza-specific purple acid phos-
phatase gene for its role in AM colonization and tomato seedlings growth

Arbuscular mycorrhizal (AM) fungi are known to colonize the root systems of most land plants.
AMF colonization promotes plant growth by enhancing nutrient availability to the host. AMFs
also help assimilate Pi from the rhizosphere [279]. Several Glomus (new name Rhizophagus)
species of the phylum Glomeromycota establish symbiotic associations with many plants, in-
cluding crop species. Several mycorrhiza-specific plant Pi transporters, which bypass the roots
Pi uptake and directly deliver Pi to the cortical root cells, have been identified and described in
various plants [242,280-283]. In this objective, we identified AM-responsive PAPs (SIPAP1,
SIPAP9Db, SIPAP18a, and SIPAP20) and characterized SIPAP20 for its role in mycorrhization
using the VIGS approach. This gene was chosen due to its root-preferential transcript levels,

non-PSI nature, and strong induction upon mycorrhization.

3.1. Optimization of the mycorrhizae inoculum and soil phosphate levels for effective my-
corrhization in tomato

We first mined the earlier published transcriptome data to identify candidate AM-responsive
genes in roots colonized with R. irregularis. Higher expression of target AM-responsive genes
and novel non-PSI SIPAPs (SIPAP9b, SIPAP20 and SIPAP27a) was noticed (Fig. 53C). First,
we optimized the mycorrhizae spores at LP condition i.e., 50 uM using a perlite based solid
growth medium. Plants were first grown for 13 days in ¥2X Hoagland media containing 1.25
mM Pi. After this, plants were transferred to sand containing varied amounts of mycorrhizae.
Then, parameters such as dry weight, total phosphorus content, total anthocyanin, and total
soluble Pi content were compared among the treatments, and the best optimum conditions were
used in further experiments. Plant growth performance was better phenotypically under LP
condition when 5g mycorrhizae was used. Higher root length and better shoot phenotype was

observed under LP condition with 5g mycorrhizae (Fig. 53A, B).
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Fig 53: Optimization of mycorrhizae spores and Pi deficiency to study AM-responsive
changes in plants. (A-B) Shoot, and root phenotypes were observed in plants treated with a
varied amount of mycorrhizae inoculum and Pi levels (HP, 1.25 mM and LP 50 uM). (C) Ex-
pression profile of PAPs and PTs in tomato root transcriptome data published by Yusaku et al.
(2017).

We found a gradual decrease in dry weight after 5g concentration at HP and LP conditions
(Fig. 54A, B), while total phosphorus content increased gradually under LP condition, but no
change was noticed under HP conditions (Fig. 54C, D). Anthocyanin accumulation, a major
plant stress response under Pi starvation, was measured in these plants. At 5g mycorrhizae,
lower accumulation of anthocyanin content, irrespective of the phosphate concentration, was
detected. However, anthocyanin content increased after the 5g concentration in the HP condi-
tion (Fig. 54E, F). We also checked the change in total soluble Pi content, which decreased
significantly at higher concentrations of mycorrhizae used in both treatments (Fig. 54G, H).
Parameters such as MGR (mycorrhizal growth response) and MER (mycorrhizal effectivity

ratio) was found to be increased by 46 % and 59 %, respectively, in plants treated with 5¢g
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number of mycorrhizae under LP condition (Fig. 541, J). After this, we also optimized Pi
concentration in LP conditions for the best MGR and MER.
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Fig 54: Optimization of AMF inoculum for optimum growth of tomato seedlings. (A-B) Dry
weight (C-D) Total phosphorus content at different mycorrhizae concentrations (E-F) Total
anthocyanins content. (G-H) Total soluble Pi content (I-J) MGR (mycorrhizal growth re-
sponse) and MER (mycorrhizae effectivity ratio) were measured upon colonization. HP =
1.25mM and LP = 200 pM.

MGR was found to increase by 30 % at 50 uM, 14 % at 100 uM, 30 % at 200 uM and 13 % at
500 puM respectively. While MER increased by 32 % at 50 uM, 100 uM at 14 %, 200 uM at
31 % and 500 uM at 30 %. Surprisingly, both MGR and MER were high at 200 uM concen-
tration compared to other concentrations (Fig. 55C, D). Physiological and biochemical param-
eters such as dry weight (root and shoot), total biomass, total phosphorus, anthocyanin content
and PAE were measured to reconfirm the above response. Shoot dry weight increased at 200
MM and 500 uM concentrations, while root dry weight increased significantly at 100 uM and
200 UM Pi concentrations upon colonization, which is also reflected at morphological level
(Fig. 55A, B)(Fig. 56A, B). The total biomass of seedlings increased at 100 pM, 200 pM and
500 uM Pi concentrations in the mycorrhizae experiments (Fig. 56C). Total anthocyanin con-

tent decreased upon colonization at 100 uM and 200 puM concentrations (Fig. 56D). We
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measured total phosphorus content to confirm whether phosphate has a role in the reduced

stress response in tomato seedlings at 100 uM and 200 pM Pi concentrations.
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Fig 55: Optimization of Pi concentration in mycorrhizae experiment. (A-B) Shoot and root
growth phenotypes upon mycorrhization at different P concentrations (C-D) MGR and MER
for seedlings growth response. +M refers to mycorrhizae colonized seedlings, -M refers to
uncolonized seedlings.

Total phosphorus content increased significantly upon colonization at 200 uM and 500 UM Pi
concentrations (Fig. 52E). In line with high P levels, PAE increased significantly at all four
different Pi concentrations used in the study (Fig. 52F). Altogether, the results showed a better

growth response of plants grown at 200 uM Pi concentration with 5g mycorrhizae inoculum.
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Fig 56: Biochemical analysis of AM colonized (5g) seedlings with different Pi concentrations
(A) Shoot dry weight (B) Root dry weight (C) Total biomass (D) Total anthocyanins content.
(E) Total phosphorus content (F) PAE (Phosphorus acquisition efficiency). -M refers to un-
colonized seedlings, and +M refers to the mycorrhizae colonized seedlings.

3.2. Confirmation of mycorrhization in roots using Uvitex-2B and Pelikan blue dyes

To check for the mycorrhizal structures, such as arbuscules and vesicles in the AM-colonized
roots, we performed staining of roots with Uvitex-2B dye, Pelikan Ink-blue stain, and trypan
blue. For infestation of arbuscules, two independent acquisition was performed at one at
405/420-480nm (excitation/emission) for Uvitex2B and one at 488/530nm LP for autofluores-
cence, with pinhole sizes of 102 and 100 uM, respectively. We stained the roots with non-
fluorescent dyes such as Pelikan blue to further reconfirm the colonization. Infestation of ves-

icles was observed inside the cells (Fig. 57A, B).
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Fig 57: Histochemical staining of mycorrhizae colonized root using fluorescent and non-
fluorescent dye (A) Uvitex-2B staining of roots colonized with mycorrhizae. (B) Pelikan blue
staining of roots to observe the fungal structures, such as arbuscules and vesicles inside the
cells.

3.3. Expression profiling of PAPs and AM-responsive genes

To further confirm AM colonization at the molecular level, we also checked the expression of
already identified AM-responsive genes, from the transcriptome data, such as SIPT4, SIGH3.4,

and SISYMRK. Higher expression of SIGH3.4 in roots was noticed at HP and LP conditions
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upon mycorrhization (Fig. 58D). While SIPT4 and SISYMRK were upregulated upon mycor-
rhization only under LP conditions (Fig. 58B, E). The higher expression of these genes corre-
lates with the biochemical results, where we noticed high phosphorus content and improved
mycorrhizal growth response at the optimized Pi concentration. After the biochemical, micro-
scopic, and molecular confirmation, we performed further experiments with the optimized
amount of P and mycorrhizae inoculum. Next, we checked the expression of SIPAPs genes in
the AM-colonized tomato roots. Interestingly higher expression of SIPAP1, SIPAP9D,
SIPAP18a, and SIPAP20 was noticed, which correlates with the earlier published transcriptome
data in roots by Yusaku et al. (2017) (Fig. 59D, E)[284]. SIPT4 was used as a positive control
in this experiment. Interestingly, except SIPAP1, the remaining three (SIPAP9b, SIPAP18a and
SIPAP20) PAPs are the non-PSI genes. Expression profiling of these SIPAPs showed high ex-
pression of SIPAP1 and SIPAP20 in roots and unopened flower buds. Transcripts accumulation
of SIPAP9b is more in unopened flower buds. SIPAP20, being a non-PSI and AM-responsive
gene with its root-preferential expression, was selected for further functional characterization
(Fig. 59A-C).
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Fig 58: Expression of AM responsive genes in optimized growth conditions at HP (1.25 mM)
and LP conditions (200 uM). (A-C) PTs, Pi transporters (D) Auxin metabolism gene SIGH3.4
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(E) SISYMRK, a symbiotic receptor-like kinase. HP = 1.25 mM and LP = 200 uM. +M indi-
cates mycorrhizae colonized roots.
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Fig 59: Expression profiling of AM-responsive PAPs. (A-C) Transcript profile of SIPAPs at
different plant growth and development stages using multi-Plant eFP Browser 2.0 — BAR tool
and RT-gPCR. (D) Relative expression of AM-specific responsive genes at the transcript level.
(E) Relative expression of SIPAPs upon mycorrhization under LP condition (200 puM) four
weeks post AM-colonization. -M is the control (non-colonized roots), for checking the expres-
sion of AM-responsive genes.

3.4. Functional characterization of SIPAP20 for its role in mycorrhization

While PAPs are well investigated for their roles in PSR, their role in AM-colonization is

poorly understood. We characterized SIPAP20 using VIGS for its role in AM colonized roots

to get primary insights into their function. The silencing efficiency was confirmed using

SIPDS, as mentioned earlier. We observed an excellent silencing efficiency of around 80 %

of infiltrated plants with photobleached leaves. Further silencing confirmation of SIPAP20

was also done using RT-gPCR in both -M and +M conditions (Fig. 60C). Morpho-physio
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analysis confirmed the lower accumulation of total soluble Pi and total P content in the silenc-
ing plants. Interestingly total biomass and PUE were significantly increased in the silenced
seedlings upon mycorrhization (Fig. 61A-D). We did not observe any change in the non-col-
onized silenced seedlings (Fig. 61E-H).
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Fig 60: Silencing of SIPAP20 resulted in better growth response upon mycorrhization in
tomato seedlings under LP (200 uM) condition. (A) The leaf area of both the silenced and
unsilenced seedlings under +M (colonized) and -M (uncolonized) conditions (B) Primary root
length (C) Confirmation of silencing at the molecular level using RT-qPCR.

We also checked whether silencing of SIPAP20 affected AM colonization and found a higher
infestation of mycorrhizae in the silenced roots. This higher mycorrhization was also quanti-

fied by counting the number of vesicles infested in roots (Fig. 62A, B).
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Fig 61: Morpho-physiological analysis of SIPAP20 silenced and non-silenced seedlings
upon mycorrhization. (A-B) Total soluble Pi content and total P in -M and SIPAP20 silenced
seedlings (C-D) Dry weight and PUE in non-colonized and silenced seedlings (E-F) Total
soluble Pi content and total P in +M and SIPAP20-silenced seedlings (G-H) Dry weight and
PUE was measured upon mycorrhization in SIPAP20-silenced seedlings. -M and +M = non-
colonized and colonized roots.
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Fig 62: Histochemical staining of SIPAP20 silenced roots. (A) Pelikan blue staining of control
and silenced seedlings to observe fungal structures in roots (B) No. of vesicles were counted in
root fragments colonized with mycorrhizae. N= 5, n=10 (N= Number of roots, n= Number of
root fragments from each root). The experiment was repeated at least twice.
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Discussion

Tomato cultivation encompasses a range of varieties, each exhibiting unique reactions to envi-
ronmental stresses. The study aims to identify and evaluate the tolerance and sensitivity of
tomato germplasm under P deficient condition. Tolerant varieties are expected to behave as
resilient and adaptable genotypes compared to the sensitive one. While sensitive varieties can
be more susceptible to damage and yield loss when exposed to P deficiency [285]. Hence, the
selection and cultivation of tolerant varieties are important to ensure stable yield and adapta-
bility to phosphate deficiency. In this study, based on the morpho-physiological parameters
and certain biochemical assays, screening of limited tomato germplasm at 4-week-old seed-
lings stage was performed. Based on their performance under P starved condition, candidate
tolerant and sensitive genotypes were identified and selected and studied in depth using the

omics approach.

Concentration of bioavailable P form i.e., inorganic phosphate (Pi), in soil is generally low is
(~2 uM), and is far less than that is maintained inside plants (generally in mM range)[8]. Plants
employ an array of well-coordinated morphological, physiological, biochemical, and molecular
adaptations to orchestrate a varied response under chronic Pi limitation [90]. The comprehen-
sive morpho-physiological analysis revealed a more substantial effect of Pi starvation in sensi-
tive genotypes which leads to higher anthocyanin content, lesser biomass and PUE [286]. Re-
cent studies on screening of different plant species also reported that plant photosynthetic effi-
ciency is compromised in the sensitive genotypes, which is directly linked to sugar metabolism
[287]. In our study, we also anticipated the reduced photosynthetic efficiency in sensitive to-
mato genotypes. This was confirmed by our physiological data during screening where lower
Fv/Fm ratio and PSII is recorded in the sensitive accessions. This in turn can affect sugar me-
tabolism or biosynthesis inside plant. For example, in Glycine max, trehalose content and
starch content increase with the improved performance index of PSII of drought tolerant culti-
var, UVE14 [288]. The increased number of transcripts of bidirectional sugar transporters in
tolerant genotypes further hints, that internal sugar metabolism may be responsible for the ob-
served better growth response in the tolerant genotypes. We also witnessed the increased num-
ber of root hairs and lateral root density, which is a more robust response by plants under Pi
starvation, in the sensitive varieties. The same is also observed in many species such as in
Arabidopsis thaliana, Phaseolus vulgaris, Oryza sativa and Fraxinus mandschuria [289-293].

The change in RSA under phosphate deprivation is also associated with release of secretory
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APase, ribonucleases and also enhanced ROS production [294]. The prominent class among
APases is generally purple acid phosphatases (PAPS), which are either secretory or intracellular
in terms of their functions [295]. In our study plant secretory acid phosphatase activity and root
surface associated APase activity were found to be less perturbed in tolerant genotypes. In
search of the expected PAPs, responsible for enhanced activity in the sensitive accessions, we
first identified the full complement of 25 PAPs in the tomato genome [52]. We also identified
PSI SIPAPs using RNA-sequencing and RT-qPCR analysis. We next performed RT-gPCR
analysis of candidate root-preferential PSI SIPAPs in tolerant and sensitive varieties and found
that the levels of their induction under Pi starvation in the two sets of genotypes correlates with
the earlier published results and the observed SAP activity [296,297]. RNA sequencing is a
useful tool for profiling and quantifying transcripts in tomato. The activation of more tran-
scripts in tolerant genotype (716) than in sensitive (315), in our RNA-seq data of Pi starvation
seedlings, is surprising but reflects the tolerant nature of genotypes which also correlates with
the earlier observations reported by, Suresh et al. (2021)[296]. In the RNA-seq data, the authors
have shown higher number of transcripts detected in the tolerant rice genotype (NI1L-23) com-
pared to that in sensitive (Pusa-44). However, a decrease in number of downregulated genes
(413) in tolerant genotype compared to that in the sensitive variety (488) further supports the
findings. Altogether, activating a larger set of genes than downregulated ones in tolerant seed-
lings reiterates the significance of gene activation over gene suppression in PSR. The presence
of 95 commonly expressed genes and 65 downregulated genes implicates a broader role of
these genes in Pi homeostasis across accessions in tomato. Number of components including
plasma membrane, organelle membrane and other cellular compartments, which are associated
with integral component of membrane, and metabolic pathways related to glycolytic and lipid
metabolic process are expressed more in the tolerant genotype. Concerning the ‘molecular
function’ in which they are involved in terms of their metal binding site, heme binding and
iron-ion binding are more involved in tolerant genotypes. Reprogramming of root system ar-
chitecture (RSA), generally to increase the surface area of roots, is a central response to almost
all nutrient deficiencies [298]. Production of reactive oxygen (ROS) such as superoxide anion
(0%) and hydrogen peroxide (H20.) invariably underlie such changes in RSA. Interestingly,
we found transcripts of genes related to peroxidase, monooxygenase, oxidoreductase and hy-
drogen peroxide catabolic process are detected more in sensitive genotypes, which is in corre-
lation with high ROS accumulation in them. Transcripts of SISPXs are also expressed more in
number in sensitive genotypes than tolerant genotypes, while no such change was noticed in
the expression of putative SIPHRs. Sharma et al. (2020) reported the identification of 127 MYB
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genes in the tomato genome [299]. Tolerant varieties exhibit differential expression of MYB
transcription factor genes such as SIMYB41, SIMYB75, SIMYB61 and SIMYB113. Differential
expression of transcription factor families like, MYB, WRKY and AP2 like in our transcrip-
tome is in line with the earlier published transcriptome with contrasting genotypes of rice
[296,300].

Production and secretion of acid phosphatases (APase) is a characteristic adaptive strategy by
plants to respond to Pi deprived conditions. PAPs are APases with broad substrate specificity
and play a pivotal role in maintaining P homeostasis in plants by hydrolysing various organic
P-compounds in acidic pH [57,245,301-303]. Maintenance of intracellular P homeostasis is
controlled by highly interconnected genetic mechanisms among which the pivotal role of PAP
gene family members have been emphasized in many studies [74,304-306]. PAP gene family
has been identified in many plant species with variation in the number of members [307,308] .
PAPs are induced upon Pi deficiency, although to the varied number in different species
[72,309-311]. Up-regulation of many acid phosphatases in Pi-starved seedlings in this study
suggests a broad set of phosphatases are involved in tomato PSR. This is also reflected by the
increased intracellular (IAP) and secretory (SAP) APase activity in the LP grown tomato seed-
lings, especially under prolonged treatment [295,312]. However, it is in contrast to the activa-
tion of only one PAP gene (Gm03g00380) in soybean[313]. Previous studies have implicated
four purple acid phosphatase genes in the regulation of enhanced PAP activity in tomato
[295,312]. Data mining revealed existence of 25 SIPAP members each in cultivated tomato and
its wild relative S. pennellii genomes; a significant increase in their number over previous re-
ports [295,312]. This outcome is also in accordance with the previous such genome-wide iden-
tification studies, where similar number of PAP genes have been identified in chickpea and
Jatropha curcas, suggesting noteworthy conservation in their number in many plants, irrespec-
tive of the size of their genomes [57][64]. Phylogenetic analysis revealed that similar to Ara-
bidopsis homologs, tomato SIPAPs form three main groups (1, I1, I11) and seven subgroups (la-
2, Ib-1, 1b-2, l1a, b, I1la and I11b [314]. Protein sequence of tomato PAPs are more similar to
SpePAPs and AtPAPs than their rice homologs suggesting higher probability of their conserved
functions and behaviour in dicots than in monocots. Absence of several AtPAP direct homo-
logs, including AtPAP5, AtPAPAG, AtPAP11, AtPAP14, AtPAP16, AtPAP19 and AtPAP28
in tomato and S. pennellii genomes is in conformity with earlier reports, such as in chickpea,
suggesting contribution of species-specific loss and/or divergence in the evolution of these

genes in plants [57]. It further suggests that several tomato PAPs, for which no direct homologs
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could be identified in Arabidopsis, might have diverged for special functions, and demands
further investigations for deciphering such roles in the Solanum genus. For instance, the pro-
nounced transcript levels of SIPAP15, SIPAP26b and SIPAP27b homologs in roots, SIPAP17a
and SIPAP27c homologs in flower, and SIPAP9a and SIPAP24b homologs during fruit ripen-
ing in more than one genetic background suggests their involvement in maintaining P-homeo-
stasis in the respective tissues/stages [245,315]. No strict correlation between gene expression
and phylogenetic analysis is in accordance with the earlier observations in Jatropha and maize,
suggesting that functional divergence at the level of gene expression may occur rapidly in
SIPAPs during evolution [64,316] Considering that the previously reported isoforms are the
ones predicted here, it will also be interesting to discern, if SIPAP15 interacts with any one of
the two SIPAP26 isoforms and form a heterodimeric complex, as shown by Bozzo et al.
(2006)[295]. Earlier, AtPAP10, AtPAP15 and AtPAP26 have been characterized as root-surface
associated intracellular and secretory SIPAPs [65,245,315]. In the present study, the strong
activation of their tomato homologs after 15 days of Pi deprivation, predominantly in the root
tissues. Presence of metallophos specific binding domains in all tomato SIPAP members, bar-
ring SIPAP23a, is in congruence with their rice and Jatropha homologs. Two PAPs, OsPAP21c
and OsPAP27c in rice and three PAPs, JcrPap20b, JcrPap27a and JcrPap29b in Jatropha have
been reported to lack any metallophos specific binding [64,317] Evidence suggests that secre-
tion of several SIPAPs depends on structural features of these proteins such as signal peptides,
N-glycosylation sites and N-terminal transmembrane helix [53,318]. The presence of signal
peptides and N-glycosylation sites in majority of tomato SIPAP members is in keeping with
the earlier published results [64]. Nevertheless, a clear disagreement between the number of
SIPAPs harbouring signal peptides, N-terminal transmembrane helix and GPI anchor sites in
tomato and Jatropha members suggests towards functional divergence among the SIPAP mem-
bers in the two [64,319]. Transcriptome study of 8D and 15D old seedling resulted in the higher
expression of majority of SIPAPs at one of the time points in whole seedling. Validation of
these SIPAPs using RT-gPCR of 8D and 15D old post starvation seedlings resulted in the ac-
tivation of majority of tomato SIPAP genes under Pi deficiency [64,65,320,321]. This is further
confirmed at protein level, where higher abundance level of several PSI SIPAPs were detected
which are in correlation with that of our in-house transcriptome data. Beside this, we also
checked whether these SIPAPs are induced by other mineral nutrients (-P, -Mg, -N, -K, and -
Ca) deficiency. Except for SIPAP7, all the other SIPAPs expression are P starvation specific
which reaffirms their restricted roles to PSR in plants. Literature also suggest higher levels of
several sugars metabolites acts as an essential component required for the activation of PSI
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genes under low Pi conditions [322][98]. Based on their Pi-specific nature, higher expression
and varied expression profile, we selected SIPAP15, SIPAP17b and SIPAP26b for detailed
characterization. For functional characterization of the selected SIPAP genes, VIGS fragments
were cloned in the pTRV2 vector for elucidating its role in PSR. The photo-bleached phenotype
of leaves in the EV-SIPDS silenced VIGS plants confirmed the effectiveness of the VIGS ex-
periments. As expected, contrary to their EV control (SIPAPs non-silenced), VIGS plants, the
EV-SIPAP15, EV-SIPAP17b and EV-SIPAP26b, showed strong suppression of these genes.
SIPAP17 has two paralogs, SIPAP17a and SIPAP17b, both of them belong to low molecular
weight category (LMWSs). In-silico analysis have predicted them to be of cytoplasmic in nature.
While its close homolog in Arabidopsis, AtPAP17 is also a LMWSs PAP, it is dual localized to
the cell vacuole and extracellular matrix [323]. Higher sequence identity of SIPAP17b with
AtPAP17 at nucleotide level indicates the genes might have conserved functions. We also
found this gene to be sucrose dependent as evident by its enhanced transcripts level upon ex-
ogenous sucrose supply under low Pi condition. Because of its PSI and early responsive nature,
as evident from time-course experiment, an active role of this gene in Pi homeostasis was an-
ticipated. Strangely, the silencing of SIPAP17b did not affect the plant growth under HP and
LP conditions. Although this observation is in line with the results in Arabidopsis where no
phenotypic change in atpapl7 mutant seedlings were reported under LP and HP conditions
[324]. However, we found lower PUE and significantly reduced total soluble Pi content in
silenced tomato seedlings irrespective of the Pi regime. This is in contrary to the reported ob-
servations in soybean where GmPAP17-overexpression line showed better PUE [325]. The
silencing of this gene did not affect plant overall growth, which could be due to the induction
of other PAPs. In atpap26 and atpapl7b mutant plants, induction of AtPAP17b and AtPAP26,
respectively, has been reported [304]. Contrary to the presence of single PAP26 member in
Arabidopsis and rice, the identification of two SIPAP26 members in tomato is interesting and
suggests that gene-duplication might have contributed to the evolution an additional member
for some new functions. Further, highly distinct transcript profiles of SIPAP26a and SIPAP26b
during vegetative and reproductive developmental stages/tissues suggests diverged functions
for these two genes. Role of AtPAP26 in delayed senescence and remobilization is well eluci-
dated [326]. The strong ubiquitous upregulation of SIPAP26b at both time points in the present
study and also in earlier published report by Pfaff et al. (2020), but not SIPAP26a, suggested it
to be a PSI gene[277]. The expression pattern also indicates a predominant role of this gene
over SIPAP26a in maintaining P homeostasis in tomato seedlings. The time-course gene ex-
pression kinetics of its activation and recovery indicated a stronger and more rapid changes in
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SIPAP26b transcripts in shoot than root tissues under Pi-starvation. Transient silencing of
SIPAP26b resulted in compromised seedlings growth under LP conditions, which is further
supported by increased anthocyanin content and root length in the silenced plants. The de-
creased Pi and total P content in the SIPAP26Db-silenced plants under LP conditions than their
EV controls suggest its role either in mobilization or P acquisition. The results in our study are
in line with the published findings on atpap26 mutants under LP conditions [326,327]. Higher
anthocyanins accumulation in the silenced plants explained the severity of P stress sensed in
these plants under both HP and LP conditions. As anticipated, VIGS based characterization of
both paralogs confirmed the more prominent role of SIPAP26b than SIPAP26a in regulating Pi
starvation response in tomato seedlings. Due to the significant response obtained in the silenced
seedlings, we were interested in investigating whether SIPAP26b is directly regulated by
SISPX-SIPHR regulatory module. The unchanged transcript levels of SIPAP26b in
SISPX1/SISPX2-silenced and SIPHR1/SIPHL1-silenced plants indicates that its regulation is
independent of at least these two SISPX and SIPHR members. The down-regulation of SIPT1
and SIPT7, the known direct targets of PHR1, in SIPHR1/SIPHL1 silenced plants acted as the
positive control in the experiment. Although the SIPAP26b promoter harbors a P1BS element
(the site recognized by PHR1), no GUS activity of pSIPAP26b::GUS in the transient transac-
tivation experiment in N. benthamiana indicates it to be independent of SIPHR1 and its homo-
logs. The absence of P1BS element in the promoter region of rice PAP26b supports these re-
sults and our hypothesis of its SIPHR1/L1 independent regulation under Pi deficiency [65].
Such non-PHR1 independent induction of SIPAP26b transcripts was also validated by the in-
duction of this gene in many other mineral nutrients deficiencies. It also implies the involve-
ment of other cis-elements, such as W-Box (TTGACY), TC element (TCTCTCT) or NIT-like
elements (AAATATCT) [328]. Next, we investigated the role of SIPAP15 in PSR. Wang et al.
(2019) have reported that the overexpression of AtPAP15 in soybean can lead to improved
growth response or Pi acquisition with phytate as the sole source of P [329]. Higher expression
of this gene in root and flower bud is further confirmed at RT-gPCR level at different tissues.
Similar to earlier characterized SIPAPs, SIPAP15 is also a PSI gene which is strongly induced
upon sucrose treatment under low Pi conditions. High sequence similarity of this gene with its
homologs at protein level hints towards the conserved functions among different species.
Higher expression of SIPAP15 in SISPX1/2 silenced seedlings and its lower expression in
SIPHR1/L1 silenced seedling, indicates it to be directly regulated by SISPX-SIPHR regulatory
module. Hence, we also checked the activation of SIPAP15 promoter by SIPHR1/L1 in tobacco
in an in-planta transactivation assay. We found SIPAP15 promoter is directly activated
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(through GUS accumulation) by both SIPHR1 and SIPHL1. Earlier reports have suggested the
predicted role of SIPAPs associated with phytase activity should have the presence of all four
motifs [330]. Out of the 25 earlier identified SIPAPs, the presence of all the five motifs were
detected only in SIPAP15. Further, occurrence of the highly similar binding-residues of active
cavities for the most preferred ligands such as Fe, NAG, Zn, and Co in tomato SIPAPs with 3-
5 active pocket sites further indicates that while biological function of the close SIPAP homo-
logs in different plant species may be conserved, reliance of their activity on multiple ligands
remains promiscuous [64]. Highly significant conservation in the residues defining substrate
specificity among tomato, Arabidopsis and red kidney bean SIPAP homologs further validates
the observation reported by Feder et al. (2019)[84]. For instance, presence of multiple histidine
residues in vicinity of the active site and occurrence of atypical REKA domain, a characteristic
of plant SIPAPs that possess phytase activity, and a conserved lysine residue (R337) in
SIPAP15 homologs of these species is astonishing. Moreover, occurrence of residues such as
asparagine and histidine residues (R283 and R284) and histidine (R374), considered to play an
important role in substrate binding irrespective of the identity of the reactant, in the surrounding
area of the reaction centre is also in accordance with the recent report [84]. Moreover, the
presence of tyrosine residue (R230) close to di-nuclear centre suggests that it is likely to be
involved in the interaction with Fe(lll) and charge transfer [58]. Overall, the docking study
provided very strong support to the results obtained by Feder et al. )2019) [84]. Nevertheless,
it is intriguing that in spite of the presence of the characteristic amino acid residues, which are
present in the already characterized SIPAP15 homologs with phytase activity in plants, and
highly conserved asparagine and histidine residues (R283 and R284) and histidine (R374) res-
idues, no such interaction between PEP or IHP and the protein could be established in our
docking experiments. At least, this observation is partially supported by the fact that the puri-
fied AtPAP15 protein had shown weaker relative activity with Na-phytate during its biochem-
ical characterization [245]. However, the lack of any interaction between SIPAP15 and PEP (a
small molecule), even in multiple docking efforts, is still intriguing. To clear this ambiguity,
we silenced SIPAP15 using VIGS. At phenotypic level, although we didn’t notice much differ-
ence in the silenced and unsilenced seedlings under both HP and LP conditions, but compro-
mised biomass and lower soluble Pi and total P content was noticed in silenced seedlings. Sur-
prisingly, we found lower PAE and phytase activity in silenced plants under both HP and LP
conditions. Similar results were obtained in the Slpap15°** KO mutant lines. Apart from the
loss of domain responsible for APase activity in the KO line, we also confirmed the loss of
function of protein at biochemical level by performing In-gel assay and found abolished
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SIPAP15 APase activity in the KO seedlings. The reduced total APase activity in Slpap15°®t
KO lines is in line with the reported reduced APase activity in shoot and root tissues of atpap15
mutant seedlings [331]. We also noticed lower phytase activity in the KO lines under HP and
LP conditions. Phytate is the main storage form of phosphate in seed and pollens, while to
lesser extent it is also present in leaves [332]. High expression of SIPAP15 in fruit pulp and
seeds is interesting. The primary composition of the globoid, found in the protein storage vac-
uole of the Arabidopsis seed embryo/pollen, consists of calcium/magnesium/potassium/phos-
phorus-phytate salts (phytin). The breakdown of phytin in these cells are crucial for the growth
and division of the embryo [333][334]. These globoids exhibit changes in size and number
during pollen maturation and germination [334]. Phytases are required during seed and pollen
germination to hydrolyse phytate into less phosphorylated compounds, namely myoinositol
and inorganic phosphate. This supply of phosphorus is essential for the development of seed-
lings [335]. Lower phytase activity of SIPAP15 in germinated seeds and leaves grown under
normal condition confirms SIPAP15 having phytase activity. Thus, mutation in this gene might
affect the seed germination due to poor conversion of phytate for releasing Pi. The decrease in
phytase activity is in concurrent with the earlier published results in Arabidopsis, where pro-
35S:AtPAP15 OX plants showed decreased total phytate content in leaves of transgenic Ara-
bidopsis plants [73]. Depending on root phytase secretion, Phy-PAPs role in Pi acquisition
varies among species. For instance, Arabidopsis roots do not release phytase, while tobacco
roots release phytate PAPs [13,329,336,337]. This exemplifies Phy-PAPs dual role in PAE,
breaking down external phytate and facilitating phosphate remobilization Wang et al. (2009)
[329].In our study, PAE decreased in the Slpap15°R KO lines. We further reconfirmed these
results by supplying exogenous ATP as the sole P source, where lower uptake percentage of P
in the KO lines supports SIPAP15 role in Pi acquisition. This observation is supported in trans-
genic alfalfa, where improved P acquisition via phytase expressing gene was noticed [332]. To
reconfirm the results obtained with Slpap15°R' KO lines, we generated the 35S: SIPAP15-0X
lines and noticed higher phytase activity in the leaves compared to the wild type. Altogether,
we demonstrate that SIPAP15 is a PSI gene with a dual function, exhibiting both acid phospha-
tase and phytase activity. We tried to express this protein in E. coli but failed and thus could
not confirm the function and substrate of this gene directly with the recombinant protein. In-
terestingly, its regulation has been shown for the first time to be controlled by the SISPX-
SIPHR module. Given its impact on PAE, SIPAP15 holds potential for generating improved

lines with enhanced Pi uptake potential.
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Mycorrhizae, the symbiotic relationship between plant and fungus has been extensively studied
for nutrients exchange and acquisition between the symbiotic partners. Among the key players
involved in symbiosis, role of PAPSs in increasing the availability of freely available phosphate
in the rhizosphere is prominent. AM colonization mostly leads to uptake of nutrients from the
rhizosphere by fungal partner and trading off them, such as of phosphate, in exchange of car-
bohydrate with the host. Most of the PSI genes such as PAPs are downregulated upon mycor-
rhization because of the sufficient uptake of Pi via fungal Pi transporters [338,339]. In soybean,
it was found that more than 90 % of the PAPs are downregulated upon colonization [340].
Interestingly, higher expression of GmPAP4 and GmPAP33 in soybean, upon colonization has
been reported [227]. Role of these genes in arbuscular degeneration has also been demonstrated
via hydrolysis of phospholipids in mycorrhizal roots [341]. Hence, we are interested to find the
role of tomato PAPs in this symbiotic relationship. Transcriptome of tomato roots colonized
with Glomus species (R. irregularis) resulted in the identification of novel AM responsive
PAPs in tomato [284]. Higher expression of these PAPs in the root tissue further indicates their
AM-responsive nature. Among the highly expressed PAPs, we selected SIPAP20 for its char-
acterization. Transcripts of SIPAP20 are more pronounced in roots and unopened flower buds.
While its non-PSI nature further supports the argument that not all SIPAPs are Pi-starvation
responsive. Silencing of SIPAP20 resulted in the better seedlings growth phenotype upon AM
colonization. However, it is still argumentative that how the silencing leads to better seedlings
growth phenotype. Hence, we checked mycorrhization in the roots of the silenced seedlings.
Interestingly, higher mycorrhization was noticed in the roots of the silenced seedlings than their
EV controls. While there seems to be clear role of PAPs in influencing root mycorrhization by
AM, further investigations are needed to unravel the mechanism/pathway responsible for the
observed growth promotion in the silenced seedlings.
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Summary

In conclusion, we for the first time reported the full complement of purple acid phosphatase
genes in tomato and its wild relatives. Morpho-physiological and biochemical characterization
studies show that cultivated tomato and S. pimpinellifolium seedlings differ from each other
with regard to the degree of their PSR. It could be attributed to the inhibited induction of the
root-associated PAPs transcripts in the wild relative. Homology modelling and docking studies
reaffirms the importance of REKA domain and other key residues in facilitating SIPAP15 hom-
ologs interaction with its substrates, and also identifies other important residues, such as histi-
dine (R365) in facilitating such interactions. Nevertheless, lack of any interaction of SIPAP15
with PEP, contrary to its Arabidopsis and red kidney bean homologs, and between tyrosine
(R230) and Fe (I11) of the di-nuclear centre site in the docking study warrants further investi-
gations, especially the biochemical characterization of purified SIPAP15 protein with different
substrates, to validate these observations. Altogether, the results presented here will help in
rapid characterization of PAPs in Solanum clade and fast track the biotechnological efforts for

improving phosphate use efficiency tomato, in future.

We screened 36 tomato accessions under low Pi availability and identified seven tolerant ac-
cessions based on their better performance under low phosphate availability. Seedlings of the
tolerant varieties exhibited better photosynthetic efficiency and PUE, indicating better mobili-
zation and recycling of Pi. We selected PR and AV (sensitive varieties), AVai, and CLN (tol-
erant varieties) for their detailed characterization. Avai and CLN accumulated lower ROS lev-
els and exhibited lower SAP activity under LP conditions. Transcriptome analysis (PR vs CLN)
identified different and commonly expressed sets of differentially expressed genes in the two
varieties. Next, we identified 25 PAP members in the tomato genome. Expression profiling
identified that the majority of them are PSI genes. The detailed characterization of three can-
didate PAPs (SIPAP15, SIPAP17b and SIPAP26b) identified their contribution to PSR in to-
mato plants. While SIPAP26b has a prominent role in Pi-homeostasis, SIPAP15 seems to de-
termine Pi uptake as Slpap15°R KO lines were affected in plant SAP and PAE. A role of
SIPAP15 in controlling plant total phytase activity was also demonstrated. Interestingly, while
SIPAP15 is a PSI gene and is a direct target of PHR1/PHLL1, the upregulation of SIPAP26b
under Pi starvation seems to be independent of SIPHR1 and SIPHL1. Astonishingly, many of
the non-PSI PAPs (SIPAP9b, SIPAP18a, and SIPAP20) were found to be induced in AM-col-
onized plants, expanding the roles of these enzymes beyond PSR. Silencing of SIPAP20 further
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confirmed the vital role of this PAP in influencing plant growth by affecting the amplitude of
mycorrhization in the colonized plants. In summary, the study identified Pi-tolerant tomato
accessions and shed light on the newer functions of PAP enzymes during PSR and AM colo-
nization in tomato plants. In our gene expression profiling experiment, SIPAP15, was consist-
ently upregulated at multiple time points/tissues in the transcriptome data, indicating it to be a
candidate PSI gene for further characterization. The 1-kb upstream promoter region of
SIPAP15 also harbored two P1BS elements, the binding site of PSR master regulator PHR1.
Virus-Induced Gene silencing (VIGS) based characterization of this gene in tomato seedlings
revealed lower root secretory acid phosphatase activity and lesser Pi accumulation, total P con-
tent, and Pi acquisition efficiency (PAE) in both Pi-sufficient and Pi-deficient seedlings. The
silenced plants also accumulated higher levels of total anthocyanins and ROS than the empty
vector (EV) control counterparts under Pi deficiency. Overall, SIPAP15 silencing seemed to
exacerbate Pi starvation response in these plants under LP conditions. The transient transacti-
vation assay of this promoter in the presence of SIPHR1 and SIPHLL1 in Nicotiana confirmed
SIPAP15 to be a direct target of SIPHR1/SIPHL1 TFs, as indicated by the transactivation of
pSIPAP15:GUS transcriptional fusion vector and overaccumulation of GUS protein in the leaf
sectors co-bombarded with SIPHLs. We selected this gene for its further in-depth characteri-
zation using CRISPR/Cas9 gene-editing and overexpression approaches to reconfirm our VIGS
results. The analysis of Slpap15°R! KO plants revalidated the VIGS-based findings and con-
firmed its involvement in tomato seedlings PSR. However, Slpap15°® lines have lower PAE
than WT, which we have confirmed by providing ATP as the only external P source. The mu-
tation in the SIPAP15 gene was also found to interfere with the seed germination ability of the
Slpap15°Rt KO plants. In summary, we identified a PSI SIPAP15 gene and provided evidence
for its involvement in the alteration of PSR in tomato seedlings. Contrary to SIPAP15, we
found that SIPAP26b is not a direct target of SIPHR1/SIPHL1 TFs in our transcriptional acti-
vation assay experiments. Unaltered SIPAP26b transcript levels in SISPX1/2, and
SIPHRR1/SIPHL1 silenced seedlings further supported this observation. VIGS-based silencing
of SIPAP26b resulted in compromised growth of the silenced seedlings under both HP and LP
conditions. Total soluble Pi and P content also reduced significantly in these seedlings under
HP and LP conditions. We also noticed reduced SAP (secretory acid phosphatase activity) un-
der LP conditions in SIPAP26b silenced seedlings, indicating this gene's involvement in con-
trolling P homeostasis. We also characterized SIPAP17b for its contribution to PSR in tomato
seedlings. Contrary to SIPAP15 and SIPAP26b, silencing of SIPAP17b did not significantly
change the seedlings phenotype under both conditions. Total soluble Pi and total P content in
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the seedlings also remained unaltered under both conditions. Interestingly, PUE was found to
be considerably decreased in SIPAP17b silenced seedlings. The detailed characterization of
three candidate SIPAP genes revealed the scale of their contribution to tomato seedlings' PSR.
Our experiments also demonstrated that not all the SIPAPs are under the direct regulation of
the SISPX-SIPHR gene regulatory module and are directly controlled by SIPHR1/SIPHL1 TFs.
The significant finding of the objective is that while SIPAP15 has a major role in PAE,
SIPAP26b is a major determinant of plant internal phosphate homeostasis in tomato plants. In
conclusion, the study provides new insights into the distinct responses of plant genotypes under
Pi starvation and sheds light on the role of candidate purple acid phosphatases in tomato seed-
lings PSR. Additionally, it demonstrates the association between these phosphatases and my-

corrhization, highlighting the advantageous impact on plant growth and development.
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Annexure 1: Presence of P1BS elements at 3-kb upstream region in all the SIPAPs.

S.No. SIPAPs Gene |Gene IDs P1BS number|PIBS location (bp)
1|SIPAP9b Solyc01g068380.2.1 1{1187-1194bp at &'
2|SIPAP10b Solyc019110060.2.1 1{2802-2809bp at 5'
3|SIPAP9a Solyc04g005450.2.1 5/980-987bp / 1405-1412bp / 1572-1579bp /1755-1762bp /2839-2846bp at §
4|SIPAP4 Solyc049008260.2.1 2|2160-2167bp/2388-2395bp at 5'
5/SIPAP1 Solyc05¢g012260.2.1 1{1445-1452bp at 5'
6|SIPAP26b Solyc07g007670.2.1 1{1356-1363bp at 5'
7|SIPAP27a Solyc07g008550.2.1 O|Nil
8|SIPAP27h Solyc07g008560.2.1 1|{659-666bp at 5'
9|SIPAP27c Solyc07g008570.2.1 1{1904-1911bp at &'
10|SIPAP18a Solyc07g064500.2.1 2|1372-1379bp/1876-1883bp at 5'
11|SIPAP24b Solyc08g083250.2.1 1{1860-1867bp at 5'
12|SIPAP15 Solyc099091910.1.1 3|1237-1244bp/2726-2733bp/2825-2832bp at 5'
13|SIPAP18b Solyc109g006300.2.1 1({896-903bp at 5'
14|SIPAP26a Solyc12g009800.1.1 1{2860-2867bp at 5'
15/SIPAP10a Solyc019110050.1.1 1|767-774bp at 5'
16|SIPAP17b Solyc03g098010.2.1 2|2776-2783bp at 5' / 2811-2818bp at 5'
17|SIPAP7 Solyc049008250.1.1 1|2889-2896bp at 5'
18|SIPAP24a Solyc04g024640.1.1 1{1415-1422bp at &'
19|SIPAP23a Solyc04g051640.2.1 O|Nil
20[SIPAP23b Solyc04g051650.2.1 1|{717-724bp at 5'
21|SIPAP12 Solyc049080920.1.1 2|816-823bp/2748-2755bp at 5'
22|SIPAP17a Solyc069072420.2.1 1{1421-1428bp at 5'
23|SIPAP25 Solyc07g053070.1.1 O|[Nil
24|SIPAP21 Solyc09g009600.1.1 O|Nil
25|SIPAP20 Solyc099009610.1.1 1|226-233bp at 5'
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Annexure 2: Summary of the five conserved block with seven metal binding residues in to-

mato PAPs. Amino acid residues in bold are the metal binding.
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S.No |[SGN Loci Gene name 1st BLOCK (DXG) 2nd BLOCK (GDXXY) |3rd BLOCK (GNH(D/E)
1  |Solyc05g012260 SIPAP1 DMG GDIVY GNHE
2 |Solyc04g008260 SIPAP4 DWG GDNFY GNHD
3 [Solyc04g008250 SIPAP7 DWG GDNFY GNHD
4 |Solyc04g005450 SIPAP9a DMG GDISY GNHE
5 |Solyc01g068380 SIPAP9b DFG GDISY GNHE
6  [Solyc01g110050 SIPAP10a DLG GDISY GNHE
7 |Solyc01g110060 SIPAP10b DLG GDLSY GNHE
8 |Solyc04g080920 SIPAP12 DTG GDLSY GNHE
9  |Solyc09g091910 SIPAP15 DLG GDLTY GNHE
10 |Solyc06g072420 SIPAP17a DWG GDNFY GNHE
11  |Solyc03g098010 SIPAP17b DWG GDNFY GNHD
12 |Solyc07g064500 SIPAP18a DLG GDLSY GNHE
13 |Solyc10g006300 SIPAP18b DLG GDLSY GNHE
14  |Solyc09g009610 SIPAP20 DLG GDLSY GNHE
15 |Solyc09g009600 SIPAP21 DLG GDLSY GNHE
16  |Solyc04g051640 SIPAP23a DLG GDQTY absent
17  |Solyc04g051650 SIPAP23b DRG/DGG GTQIY GNHE
18 |Solyc04g024640 SIPAP24a DLG absent GNHE
19 |Solyc08g083250 SIPAP24b DMG GDITY GNHE
20 |Solyc079053070 SIPAP25 DLG GDLSY GNHE
21  |Solyc12g009800 SIPAP26a DLG GDLSY GNHE
22 [Solyc07g007670 SIPAP26b DLG GDLSY GNHD
23 [Solyc07g008550 SIPAP27a DMG GDLPY GNHE
24 |Solyc07g008560 SIPAP27b DMG GDLPY GNHE
25 [Solyc07g008570 SIPAP27c DMG GDLPY GNHE

4th BLOCK (VXXH) 5th BLOCK (GHXH)
1  |Solyc05g012260 SIPAP1 VTSH GHVH
2 |Solyc04g008260 SIPAP4 VVGH GHDH
3 [Solyc04g008250 SIPAP7 VIGH absent
4 |Solyc04g005450 SIPAP9a VGNH GHVH
5 |Solyc01g068380 SIPAP9b VTVH/VRVH GHVH
6  [Solyc01g110050 SIPAP10a VLVH GHVH
7  |Solyc01g110060 SIPAP10b VLVH GHVH
8 |Solyc04g080920 SIPAP12 VLMH GHVH
9 |Solyc09g091910 SIPAP15 absent GHVH
10 |Solyc06g072420 SIPAP17a VLGH GHDH
11  |Solyc03g098010 SIPAP17b VVGH GHDH
12 |Solyc07g064500 SIPAP18a VLHH GHVH
13 |Solyc10g006300 SIPAP18b VLFH GHVH
14 |Solyc09g009610 SIPAP20 VIVH GHVH
15 |Solyc09g009600 SIPAP21 VIVH GHVH
16 |Solyc04g051640 SIPAP23a VTPH absent
17 |Solyc04g051650 SIPAP23b absent GHVH
18 |Solyc04g024640 SIPAP24a VTEH GHVH
19 |Solyc08g083250 SIPAP24b VTLH GHVH
20 |Solyc07g053070 SIPAP25 VLLH GHVH
21  |Solyc12g009800 SIPAP26a VLMH GHVH
22 [Solyc07g007670 SIPAP26b VLMH GHVH
23 [Solyc07g008550 SIPAP27a absent GHVH
24 |Solyc07g008560 SIPAP27b absent GHVH
25 [Solyc07g008570 SIPAP27c absent GHVH




Annexure 3: Predicted binding site in SIPAPs checked using RaptorX.

Gene name # |Pocket multiplicity |Binding residues Top ligands P-value GDT
SIPAP9b 135|D335 D377 Y380 N410 H411 H499 1510 H538 H540 FE 3.32E-18, 70|
61|T613 R614 S616 K634 NAG
50[L135 F278 W280 NAG
42|P214 S308 S309 NAG
39|F178 P340 R341 D342 P351 L354 K358 NAG
28|N213 P214 NAG
SIPAP10b 159/D164 D193 Y196 N230 H231 H315 H325 H352 H354 FE 3.77E-15] 82
61|N424 N425 H428 W448 NAG
49[N110 N202 NAG
39|M40 S44 D45 V46 F169 N172 T176 NAG
39[Y53 H138 NAG
SIPAP9a 137|D262 D305 Y308 N338 H339 H441 K452 H480 H482 FE 2.12E-17|370(63)
61|T558 K559 E560 K561 E579 NAG
491206 G207 W208 NAG
42|K168 S236 R237 NAG
39[Y72 190 T267 P268 E277 K280 K284 NAG
28|G141 R142 NAG
SIPAP4 213|D46 D79 Y82 N117 H118 H211 H246 H248 Zn 3.50E-08]202(62)
59|T299 T301 Q302 S319 NAG
SIPAP1 138|D288 D329 Y332 N362 H363 H451 Y462 H493 H495 FE
65|F561 D562 N565 N583 NAG
49|C99 A101 W228 NAG
42|N258 T260 1262 NAG
39|L125 E293 A294 D295 P305 L308 K312 NAG
SIPAP26b 153|D161 D188 Y191 N226 H227 H311 H321 H348 H350 FE 3.19E-14|357(75)
61|K420 N421 H424 T444 NAG
50/K107 N198 NAG
39137 N41 E42 V43 L169 Q173 NAG
39|Y50 D135 NAG
SIPAP27a 138|D308 D349 Y352 N382 H383 H471 Y482 H513 H515 FE 1.79E-22|499(80)
49|C119 A121 W248 NAG
45|F581 N582 S585 T603 NAG
42|L.276 N278 S280 NAG
39|F145 E313 R314 D315 P325 L328 D332 NAG
28|P180 K181 Y205 NAG
SIPAP27b 138|D318 D359 Y362 N392 H393 H481 Y492 H523 H525 FE 500(87) 6.02E-23|
65|F591 D592 N595 T613 NAG
49|R245 S255 W258 NAG
421286 N288 V292 NAG
39|F155 E323 R324 D325 P335 L338 D342 NAG
28|P190 K191 Y215 NAG
SIPAP27¢c 138|D312 D353 Y356 N386 H387 H475 W485 H517 H519 FE 4.89E-22|494(86)
65|F585 D586 N589 T607 NAG
49|S249 V250 W252 NAG
42|N282 5284 V286 NAG
39|F155 E317 R318 D319 P329 L332 D336 NAG
28|P184 K185 Y209 NAG
SIPAP18a 203|D155 D182 Y185 N215 H216 H298 H308 H335 H337 FE 5.92E-13|290(67)
62[1396 N397 H400 S420 C429 NAG
43|F106 NAG
42|G160 K163 S164 D167 L199 P202 NAG
SIPAP24b 138|D290 D331 Y334 N364 H365 H453 Y464 H495 H497 FE 3.31E-22|503(83)
57|F563 N564 S567 T585 NAG
49|C101 A103 W230 NAG
42|L.258 N260 S262 NAG
39|F127 E295 R296 D297 P307 L310 D314 NAG
28|P162 K163 Y187 NAG
SIPAP15 207|D200 D227 Y230 N283 H284 H365 H375 H402 H404 FE 1.19E-13|296(60)
62|K499 N500 H503 Y523 NAG
49|L140 Q141 N142 NAG
SIPAP18b 217|D149 D176 Y179 N209 H210 H292 H302 H329 H331 FE 1.00E-12|285(65)
66[V390 N391 H394 W414 NAG
SIPAP26a 154|D161 D188 Y191 N226 H227 H311 H321 H348 H350 FE 2.01E-14(353(74)
61|K420 N421 H424 V444 NAG
49|T107 Y197 NAG
41[137 N41 E42 V43 Y166 L169 Q173 NAG
39|Y50 G134 D135 NAG
SIPAP10a 159|D125 D154 Y157 N191 H192 H282 H292 H319 H321 FE 1.77E-15|375(87)
65|K391 N392 H395 W415 NAG
48|Y70 N71 N163 NAG
42|M1 S5 D6 V7 N133 T137 R178 NAG
39|Y14 H99 NAG
SIPAP17b 207|D41 D74 Y77 N112 H113 H205 H214 H240 H242 ZN 3.68E-09|204(63)
58|T293 T295 H296 S313 NAG
SIPAP7 198|D55 D88 Y91 N126 H127 H220 H229 1255 N257 FE 2.46E-06|150(57)
41|Y62 S65 E66 169 N109 A113 NAG
SIPAP24a 220[H21 Y24 N76 H77 H133 W143 H175 H177 ZN 1.56E-07|172(77)
SIPAP23a 123|D194 D221 Y224 H277 M278 P279 FE 1.14E-08|142(51)
50[L134 W135 N136 NAG
43|S61 A166 A167 NAG
39|L48 H52 P53 R54 S199 T202 D206 NAG
28|S61 E86 E99 NAG
SIPAP23b 213|N16 H17 H98 S107 H108 H135 H137 1166 ZN 4.46E-09|195(72)
61|V231 N232 H235 Y257 NAG
SIPAP12 158|N168 D198 Y201 N235 H236 H320 H330 H357 H359 FE 2.55E-15|373(79)
61|K429 N430 H433 W453 NAG
49|N114 F207 NAG
41|48 D49 V50 H174 Q177 T181 R222 NAG
39|Y57 G141 N142 NAG
SIPAP17a 219|D50 D83 Y86 N121 H122 H215 H224 H250 H252 ZN 3.51E-08|209(63)
SIPAP25 200[{D157 D185 Y188 N222 H223 H307 H317 H344 H346 FE 1.02E-14|356(78)
62|K416 N417 H420 W440 NAG
47|N101 F194 NAG
43[Y39 H130 N131 NAG
SIPAP21 214|D150 D177 Y180 N210 H211 H294 H304 H331 H333 FE 2.01E-12|294(67)
62[Y392 N393 H396 W417 NAG
43|F101 NAG
SIPAP20 209|D149 D176 Y179 N209 H210 H293 H303 H332 H334 FE 7.89-13 293(69)
62[V393 N394 H397 W417 NAG
43]L99 NAG
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Annexure 4: Domain Organization in the S. lycopersicum PAP proteins.

S.No |Gene name Gene IDs Signal peptide (length, cleave site) No. of N-glycosylation site | Subcellular Localization
1[SIPAP1 Solyc05¢012260.2.1 16, VTS-HE 7 S
2|SIPAP4 Solyc049008260.2.1 23, AMA-EL 1 S
3|SIPAP7 Solyc049008250.1.1 Nil 2 S
4/SIPAP9a Solyc04g005450.2.1 20, SSS-SQ 3 S
5/SIPAP9b Solyc01g068380.2.1 25, CHS-FS 6 S
6/SIPAP10a Solyc019110050.1.1 Nil 5 S
7|SIPAP10b Solyc01g110060.2.1 21, VLC-NG 5 S
8|SIPAP12 Solyc049080920.1.1 19, VLS-TK 3 S
9|SIPAP15 Solyc099091910.1.1 25, NEG-QI 7 S

10/SIPAP17a Solyc069072420.2.1 25, ASA-ST 2 S
11[SIPAP17b Solyc039098010.2.1 17, SRA-TG 1 S
12|SIPAP18a Solyc079064500.2.1 26, VRA-GE Nil S
13|SIPAP18b Solyc10g006300.2.1 23, VLA-GD 2 S
14|SIPAP20 Solyc099009610.1.1 23,SLS-YE Nil S
15[SIPAP21 Solyc099009600.1.1 23, FNA-SP 2 S
16|SIPAP23a Solyc049051640.2.1 18, IFA-KR 4 S
17|SIPAP23b Solyc049051650.2.1 Nil 3 S
18|SIPAP24a Solyc049024640.1.1 Nil 2 S
19(SIPAP24b Solyc08g083250.2.1 16, ASG-HS 6 S
20[SIPAP25 Solyc079053070.1.1 18, CNG-GV 7 S
21[SIPAP26a Solyc129009800.1.1 20, GNA-GV 3 S
22[SIPAP26b Solyc079007670.2.1 20, GSA-GI 3 S
23|SIPAP27a Solyc079008550.2.1 19, VSC-EE 4 S
24(SIPAP27b Solyc079008560.2.1 25, VSA-QN 5 S
25[SIPAP27c Solyc079008570.2.1 25, ILA-ON 6 S

S.No |Gene name SGN Loci No of Transmembrane Helix Length
1[SIPAP1 Solyc059012260 Nil 606
2|SIPAP4 Solyc04g008260 1 328
3|SIPAP7 Solyc04g008250 1 264
4/SIPAP9a Solyc049005450 1 648
5/SIPAP9b Solyc01g068380 1 639
6/SIPAP10a Solyc01g110050 Nil 432
7|SIPAP10b Solyc01g110060 Nil 465
8|SIPAP12 Solyc049080920 Nil 471
9|SIPAP15 Solyc099091910 1 555

10|SIPAP17a Solyc06¢072420 1 333
11|SIPAP17b Solyc039098010 Nil 323
12|SIPAP18a Solyc079064500 Nil 436
13|SIPAP18b Solyc10g006300 1 438
14[SIPAP20 Solyc099009610 1 425
15|SIPAP21 Solyc09g009600 Nil 441
16|SIPAP23a Solyc049051640 Nil 282
17|SIPAP23b Solyc04g051650 Nil 271
18|SIPAP24a Solyc04g024640 Nil 225
19|SIPAP24b Solyc089083250 Nil 608
20[SIPAP25 Solyc079053070 Nil 456
21[SIPAP26a Solyc129009800 Nil 477
22|SIPAP26b Solyc07g007670 Nil 477
23[SIPAP27a Solyc079008550 Nil 626
24(SIPAP27b Solyc079008560 1 636
25[SIPAP27c Solyc079008570 1 630

* No GPI anchored sites are present in all the PAPs.
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Annexure 5: List of Primers used in the study

S.No. Primer sequence Gene ID Gene name|Purpose
1 GGCTGCAATCAAGGAGGAA FP GAPDH  |gPCR
AAATCAATCACACGGGAACT RP GAPDH  |gPCR
2 TCTCAACCCTAAGGCCAACAGAGAG FP Solyc11g005330 Actin gPCR
TCTCTCGGTGAGGATCTTCATCAGG RP Solyc11g005330 Actin gPCR
3 TGGCGAACGATTTGCAAGTG FP Solyc09g090070 SIPT1 gPCR
ATGCCAGCAATCACAATCGC RP Solyc09g090070 SIPT1 gPCR
4 TGCTGCTGTTTTCGCTATGC FP Solyc09g066410 SIPT7 gPCR
TGCTTGAGGAACCGTTGAAC RP Solyc09g066410 SIPT7 gPCR
5 TTGCCGGCCTTGTTTCAATG FP Solyc06g051860 SIPT4 gPCR
AGACGATCCGCCAGACATAATC RP Solyc06g051860 SIPT4 gPCR
6 GGAGAAACAAAGCCCTTCAAGG FP Solyc01g110050 SIPAP10a |gPCR
TGCTGAAGCTCGCTTGATTG RP Solyc01g110050 gPCR
7 TGATTGGCGCAATGTGATGC FP Solyc03g098010 SIPAP17b |gPCR
GTCCCACACTTCTAATGGCATG RP Solyc03g098010 gPCR
8 ATGGGAGAGATAGGGGAAAAGC FP Solyc04g008250 SIPAP7 gPCR
CACGTCTTTTGCAAGCTAGGAG RP Solyc04g008250 gPCR
9 AAAGAACCTGGGAGAACAGTGG FP Solyc04g024640 SIPAP24a |gPCR
TTGGCTGACGCAAAGCATTG RP Solyc04g024640 gPCR
10 AGCAGTTGTTGGTGACTTGG FP Solyc04g051640 SIPAP23a |gPCR
TGAAGCTCCTTTACCACCAGTG RP Solyc04g051640 gPCR
11 AGTTGACGCTGATCATGCAG FP Solyc04g051650 SIPAP23b |gPCR
TTTTCCTTTGGCAGGTCCAC RP Solyc04g051650 gPCR
12 ATGGAAGGGGAAACAATGCG FP Solyc04g080920 SIPAP12  |gPCR
TGACCAGCAAAGACAACGTC RP Solyc04g080920 gPCR
13 GCCATTAGAAGTGCAGGACATC FP Solyc06g072420 SIPAP17a |gPCR
ATTGCAACGGGCTTTCAGTG RP Solyc06g072420 gPCR
14 TATGTTCCCGCGGAAAACAG FP Solyc07g008570 SIPAP27c |gPCR
TTGGCTGACGCAAAGCATTG RP Solyc07g008570 gPCR
15 ATTGGGGATTTGGGGCAAAC FP Solyc07g053070 SIPAP25 |gPCR
AGCTTGGCCTTTTGGATTCG RP Solyc07g053070 gPCR
16 TGCTGACACACAACAACCAC FP Solyc09g009600 SIPAP21  |gPCR
TCGTGATTGCCATGTGTCAC RP Solyc09g009600 gPCR
17 TTTCAAAACCCCTCCAGCTG FP Solyc09g009610 SIPAP20  |gPCR
ACGTTGTCCAGTCAGTTTGC RP Solyc09g009610 gPCR
18 GCTGGTGGAACAAATGAGGT FP Solyc01g068380 SIPAP9b  gPCR
CGAGAGGCAATTGGAGTGAT RP Solyc01g068380 gPCR
19 GGCAAGCAGTGTTGTTCGTA FP Solyc01g110060 SIPAP10b |gPCR
TGTTTCCCCAATTTCAGGAG RP Solyc01g110060 gPCR
20 TCTGGATCGGGTTCAATTTC FP Solyc04g005450 SIPAP9a  |gPCR
TCCGACACAGCAAGAAGATG RP Solyc04g005450 gPCR
21 GGAGATTGGGGAAGAAGAGG FP Solyc04g008260 SIPAP4 gPCR
TCATGGTTCCCCAAAACATT RP Solyc04g008260 gPCR
22 TGCTATTGCTGCTTTGGATG FP Solyc05g012260 SIPAP1 gPCR
TTCAGGGTCACACGTAGCTG RP Solyc05g012260 gqPCR
23 GTCCGTTGGGATACATTTGG FP Solyc07g007670 SIPAP26b |gPCR
GCTCGATAAGGTGTGGGGTA RP Solyc07g007670 gPCR
24 CTGGTGGTTTGCAAAATCCT FP Solyc07g008550 SIPAP27a |gPCR
GACGAATGGAACAGCCTCAT RP Solyc07g008550 gPCR
25 AGATTCGGGTGGAGAATGTG FP Solyc07g008560 SIPAP27b |gPCR
CTATTGGCTGATGCAAAGCA RP Solyc07g008560 gPCR
26 CATGGGATCCACAATCTTCC FP Solyc07g064500 SIPAP18a |gPCR
CTGTGCTGTCTTGCAATGGT RP Solyc07g064500 gPCR
27 GGTGGAGAATGTGGAGTGCT FP Solyc08g083250 SIPAP24b |gPCR
TAACCAAGAACCCGATGAGC RP Solyc08g083250 gPCR
28 CTCATTTCCCGAAACTCCAA FP Solyc09g091910 SIPAP15 |gPCR
TATGCCTCCCGCATTAAAAG RP Solyc09g091910 gPCR
29 GGCCAGACTGGATGGACTAA FP Solyc10g006300 SIPAP18b |gPCR
AAATGGCATCTTCCACCTTG RP Solyc10g006300 gPCR
30 TTACTCAGCTTTCCGCGAAT FP Solyc12g009800 SIPAP26a |gPCR
ACGGAGACGATTTTGTTTCG RP Solyc12g009800 gPCR
31 AGCGGAAGTTCAACTGTCAG FP Solyc08g060920 SISPX1 gPCR
TGACCACTGGAGCGTTTTTC RP Solyc08g060920 gPCR
32 TTGCAGCAGCCTTTCTTCAC FP Solyc12g009480 SISPX2 gPCR
TTCATTTCCGTCAGCTTCCG RP Solyc12g009480 gPCR
33 ATAAGGCTGCGGAAATCAGG FP Solyc02g091590 SISYMRK |gPCR
ATAATGGATGGCGGCGTTTG RP Solyc02g091590 gPCR
34 AATCGGGCCACTGGAGATAA FP Solyc02g092820 SIGH3.4  |gPCR
TCTCGAAATTGCATAATCCATAAGTT RP Solyc02g092820 gPCR
35 TAAATGCCCCTGTCCAGAAC FP Solyc06g008200 SIPHR1  |gPCR
TTACAAGGTCAGCCCATTCC RP Solyc06g008200 gPCR
36 CAACAGCCCTTGGAGAAAAG FP Solyc09g072830 SIPHL1  |gPCR
CAGTTGCAGGATGTTGCTTG RP Solyc09g072830 gPCR
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37 ATCATATGAAGTATTTTGGGGTTGTGG FP Solyc09g091910 Sipap1s |Overexpression
CGGTCGACGATTAATTTTTTTATCAA RP Solyc09g091910 SIPAP15 |Overexpression
TTTTGGTCTCAATTGCAGCATGTCCCCTAAAACTTGTTTTAG |FP Solyc09g091910 CRISPR

38 AGCTAGAAATAGC SIPAP15
TTTTGGTCTCAAAACCTTGGCATCCACCTTGGTACCAATCAC [RP |Solyc09g091910 CRISPR
TACTTCGACTC SIPAP15

CRISPR in/del

39 ATGAAGTATTTTGGGGTTGTGGGG FP Solyc09g091910 Exon-l |conf

CCAAACAGAGTCATAAGTAGCAGAAAGG RP Solyc09g091910
CRISPR in/del
40 CTCAAATCATCGATCAGCTGGAATCTA P Solyc09g091910 Exon5  |conf
TGTGCTCTTGGATATCGGTACATTAGTC RP Solyc09g091910
" PAP15 off
41 GTTACTCTAATTTTATTCGCCATTTAACCC Solyc09g091910 SIPAP15 target
P PAP15 off
GGATATGTCTTTGGGTAGATACAGGTAAGGG Solyc09g091910 SIPAP15 target

22 ATCTAGATTGTAGCCAATTTGATATTCACCA FP Solyc09g091910 SIPAP15 |VIGS
AGGATCCTGAAGTATTTTGGGGTTGTGG RP  |Solyc099091910 SIPAP15 |VIGS

43 TAAAGCTTCACAACCTACGAAAAGTGAAAATGATCA FP Solyc09g091910 SIPAP15 |Promoter
GGATCCAATCAATCAAGAATTTGCATGCCCCA RP  |Solyc09g091910 SIPAP15 _|Promoter

42 ATGAATTCAGAATTTCACATCTTCACTGTTCAACCCT FP Solyc03g098010 SIPAP17b |VIGS
ATGGATCCATATTCATGGTGGACACAACCCCA RP__ |Solyc03g098010 SIPAP17b |VIGS

45 TATCTAGACATTTCCGATTTCATAGTAATACTTTGTGTCA _ |FP Solyc12g009800 SIPAP26a |VIGS
TAGGATCCATGTTGCTTCATCTCTTCTTTTCATTGTTC RP |Solyc12g009800 SIPAP26a |VIGS

46 TATCTAGATTGCAGAATCTCCTTTTCCAATTTCATAG FP Solyc07g007670 SIPAP26b |VIGS
TAGGATCCATGTTGCTTTGTCTCTTCTTTTCGTTATC RP___ |Solyc07g007670 SIPAP26b |VIGS

4 GATCTAGA TGAAATTGAATTCTGGGCTTGTAAA FP Solyc09g009610 SIPAP20|VIGS
TTGGATCC ATGGCTTCTAATAAGGTTAATATTTTGCTA RP  |Solyc099009610 SIPAP20 |VIGS
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Annexure 6: Differentially expressed genes in RNA seq of Pusa Ruby (Sensitive variety).

S.No. 1D Status S.No. 1D Status S.No. 1D Status
1 Solyc01g006540.4.1.10{ Up regulated 51 | Solyc01g102980.3.1.2 | Up regulated | 101 | Solyc049011600.4.1.2 | Up regulated
2 Solyc07g049460.3.1.5 | Up regulated 52 Solyc01g107540.4.1.2 | Up regulated | 102 Solyc04g008900.4.1.1 | Up regulated
3 Solyc02g067750.4.1.1 | Up regulated 53 Solyc01g108450.3.1.1 | Up regulated | 103 Solyc04g006970.4.1.1 | Up regulated
4 Solyc019109790.3.1.1 | Up regulated 54 | Solyc019g109610.4.1.2 | Up regulated | 104 | Solyc04g007825.2.1.2 | Up regulated
5 Solyc069062560.2.1.4 | Up regulated 55 | Solyc039g044590.2.1.1 | Up regulated | 105 | Solyc049011940.3.1.1 | Up regulated
6 Solyc099091510.3.1.2 | Up regulated 56 | Solyc01g091760.3.1.1 | Up regulated | 106 | Solyc04g055257.1.1.1 | Up regulated
7 Solyc05g053550.3.1.2 | Up regulated 57 Solyc019094130.2.1.5 | Up regulated | 107 Solyc049049340.3.1.6 | Up regulated
8 Solyc10g075110.2.1.2 | Up regulated 58 Solyc01g095960.4.1.2 | Up regulated | 108 Solyc049064920.4.1.1 | Up regulated
9 Solyc049056620.2.1.5 | Up regulated 59 [ Solyc01¢g105350.3.1.2 | Up regulated | 109 | Solyc049072050.4.1.9 | Up regulated
10 | Solyc119065600.2.1.1 | Up regulated 60 | Solyc029014730.3.1.2 | Up regulated | 110 | Solyc049g079780.4.1.2 | Up regulated
11 | Solyc02g085020.4.1.6 | Up regulated 61 | Solyc029g031920.4.1.3 | Up regulated | 111 | Solyc04g079890.4.1.2 | Up regulated
12 Solyc07g049690.3.1.2 | Up regulated 62 Solyc02g037550.3.1.2 | Up regulated | 112 Solyc05g007000.4.1.5 | Up regulated
13 Solyc03g025190.4.1.2 | Up regulated 63 Solyc02g032210.1.1.1 | Up regulated | 113 | Solyc05¢g012350.4.1.10 | Up regulated
14 | Solyc06g061023.1.1.3 | Up regulated 64 | Solyc029g094400.4.1.4 | Up regulated | 114 | Solyc059012955.1.1.2 | Up regulated
15 | Solyc06g062550.4.1.4 | Up regulated 65 | Solyc02g092570.1.1.1 | Up regulated | 115 | Solyc059013010.3.1.2 | Up regulated
16 | Solyc06g069240.2.1.1 | Up regulated 66 | Solyc02g090340.2.1.2 | Up regulated | 116 | Solyc059014700.3.1.1 | Up regulated
17 Solyc08g005670.2.1.2 | Up regulated 67 Solyc02g090150.1.1.1 | Up regulated | 117 Solyc059024260.3.1.6 | Up regulated
18 Solyc08g005677.1.1.1 | Up regulated 68 Solyc029089170.4.1.4 | Up requlated | 118 Solyc059026490.3.1.7 | Up regulated
19 | Solyc06g059930.4.1.2 | Up regulated 69 | Solyc02g086530.4.1.1 | Up regulated | 119 | Solyc059052370.3.1.1 | Up regulated
20  [Solyc06g071030.3.1.14| Up regulated 70 | Solyc02g077300.2.1.3 | Up regulated | 120 | Solyc059046200.3.1.1 | Up regulated
21 | Solyc11g066580.3.1.3 | Up regulated 71 | Solyc02g071710.3.1.5 | Up regulated | 121 | Solyc059045670.4.1.1 | Up regulated
22 Solyc06g062540.3.1.4 | Up regulated 72 Solyc02g071050.4.1.1 | Up regulated | 122 Solyc059051583.1.1.2 | Up regulated
23 Solyc029062400.3.1.2 | Up regulated 73 Solyc029069960.4.1.1 | Up regulated | 123 Solyc069009240.4.1.1 | Up regulated
24 | Solyc02g085170.4.1.1 | Up regulated 74 | Solyc02g066800.3.1.1 | Up regulated | 124 | Solyc069g009840.3.1.7 | Up regulated
25 | Solyc06g076920.3.1.1 | Up regulated 75 | Solyc02g065490.4.1.4 | Up regulated | 125 | Solyc069g050900.3.1.4 | Up regulated
26 Solyc09g082690.3.1.3 | Up regulated 76 Solyc029087540.3.1.1 | Up regulated | 126 Solyc069051320.3.1.2 | Up regulated
27 Solyc05g010320.4.1.4 | Up regulated 77 Solyc02g085190.2.1.1 | Up regulated | 127 Solyc069053220.3.1.1 | Up regulated
28 | Solyc07g054900.2.1.3 | Up regulated 78 | Solyc02g085150.4.1.3 | Up regulated | 128 | Solyc069g053870.4.1.2 | Up regulated
29 | Solyc02g083860.3.1.2 | Up regulated 79 | Solyc02g083020.1.1.1 | Up regulated | 129 | Solyc06g048860.3.1.5 | Up regulated
30 [ Solyc07g055260.3.1.9 | Up regulated 80 | Solyc02g081770.2.1.1 | Up regulated | 130 | Solyc06g076800.3.1.2 | Up regulated
31 Solyc08g013820.3.1.2 | Up regulated 81 Solyc029079150.2.1.3 | Up regulated | 131 Solyc06g076760.2.1.5 | Up regulated
32 Solyc05g054900.3.1.2 | Up regulated 82 Solyc02g068610.2.1.1 | Up regulated | 132 Solyc069076400.3.1.1 | Up regulated
33 [ Solyc01g009330.1.1.1 | Up regulated 83 | Solyc03g005200.3.1.3 | Up regulated | 133 | Solyc069g068130.3.1.1 | Up regulated
34 | Solyc01g007200.2.1.1 | Up regulated 84 | Solyc03g007710.3.1.2 | Up regulated | 134 | Solyc06g066840.3.1.3 | Up regulated
35 [ Solyc01g058160.3.1.1 | Up regulated 85 | Solyc03g019690.1.1.1 | Up regulated | 135 | Solyc069g064620.3.1.5 | Up regulated
36 Solyc01g058030.2.1.1 | Up regulated 86 Solyc039025430.1.1.1 | Up regulated | 136 Solyc069062370.4.1.3 | Up regulated
37 Solyc01g067295.1.1.1 | Up regulated 87 Solyc039078500.3.1.2 | Up regulated | 137 Solyc069059710.3.1.2 | Up regulated
38 [ Solyc01g065740.3.1.4 | Up regulated 88 | Solyc039g093180.1.1.1 | Up regulated | 138 | Solyc06g074680.4.1.6 | Up regulated
39 [ Solyc01g081600.3.1.2 | Up regulated 89 | Solyc03g098010.3.1.7 | Up regulated | 139 | Solyc06g074640.2.1.9 | Up regulated
40  [Solyc01g088430.4.1.10] Up regulated 90 | Solyc03g098700.1.1.1 | Up regulated | 140 | Solyc069g063280.1.1.1 | Up regulated
41 Solyc01g090210.4.1.4 | Up regulated 91 Solyc03g098780.2.1.1 | Up regulated | 141 Solyc069082240.2.1.5 | Up regulated
42 Solyc01g090790.4.1.5 | Up regulated 92 Solyc039097760.2.1.1 | Up requlated | 142 Solyc079007620.3.1.1 | Up regulated
43 | Solyc01g090890.3.1.3 | Up regulated 93 [ Solyc03g098710.1.1.1 | Up regulated | 143 | Solyc079g008210.4.1.3 | Up regulated
44 | Solyc01g094070.3.1.2 | Up regulated 94 | Solyc03g122140.3.1.1 | Up regulated | 144 | Solyc079008710.3.1.2 | Up regulated
45 Solyc019094870.3.1.8 | Up regulated 95 Solyc039121680.3.1.3 | Up regulated | 145 Solyc079009340.2.1.3 | Up regulated
46 Solyc01g094360.3.1.3 | Up regulated 96 Solyc03g121420.4.1.4 | Up regulated | 146 Solyc07g016080.4.1.1 | Up regulated
47 Solyc01g097470.4.1.1 | Up regulated 97 Solyc079014600.2.1.2 | Up regulated | 147 Solyc079054790.1.1.1 | Up regulated
48 | Solyc01g098570.2.1.1 | Up regulated 98 [ Solyc03g119590.1.1.1 | Up regulated | 148 | Solyc08g068480.1.1.1 | Up regulated
49 | Solyc01g102890.4.1.1 | Up regulated 99  [Solyc03g111815.1.1.1 | Up regulated | 149 | Solyc079g054580.3.1.1 | Up regulated
50 Solyc01g102910.4.1.2 | Up regulated 100 | Solyc049015120.3.1.1 | Up regulated | 150 | Solyc079g045140.4.1.10 | Up regulated
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S.No. 1D Status S.No. 1D Status S.No. 1D Status
151 | Solyc07g042400.2.1.2 | Up regulated 201 | Solyc10g085870.1.1.1 | Up regulated | 251 | Solyc12g098130.1.1.1 | Up regulated
152 | Solyc079064760.2.1.2 | Up regulated 202 | Solyc10g085650.2.1.2 | Up regulated | 252 Solyc029092070.3.1.4 | Up regulated
153 | Solyc079062510.2.1.5 | Up regulated 203 | Solyc11g007250.2.1.1 | Up regulated | 253 Solyc02g084034.1.1.3 | Up regulated
154 | Solyc079061800.4.1.1 | Up regulated 204 | Solyc11g008260.2.1.1 | Up regulated | 254 Solyc029070820.1.1.1 | Up regulated
155 | Solyc079g063500.4.1.1 | Up regulated 205 |Solyc11g017100.1.1.1 | Upregulated | 255 | Solyc029065530.4.1.2 | Up regulated
156 | Solyc08g006020.4.1.3 | Up regulated 206 | Solyc11g044450.3.1.1 | Up regulated | 256 | Solyc02g065020.2.1.1 | Up regulated
157 | Solyc089007210.4.1.1 | Up regulated 207 | Solyc11g066640.1.1.1 | Up regulated | 257 Solyc03g046580.1.1.1 | Up regulated
158 | Solyc039078320.1.1.1 | Up regulated 208 | Solyc11g071290.2.1.4 | Up regulated | 258 Solyc039123940.1.1.2 | Up regulated
159 | Solyc08g066260.3.1.6 | Up regulated 209 | Solyc11g071940.1.1.1 | Upregulated | 259 | Solyc03g119620.1.1.3 | Up regulated
160 | Solyc08g066220.4.1.6 | Up regulated 210 | Solyc11g072060.3.1.4 | Up regulated | 260 | Solyc03g116250.2.1.1 | Up regulated
161 | Solyc08g068720.1.1.1 | Up regulated 211 | Solyc12g005020.2.1.5 | Up regulated | 261 | Solyc03g111060.3.1.1 | Up regulated
162 | Solyc089081820.4.1.3 | Up regulated 212 | Solyc12g006805.1.1.1 | Up regulated | 262 Solyc049016490.4.1.1 | Up regulated
163 | Solyc089079010.1.1.1 | Up regulated 213 | Solyc12g008520.2.1.3 | Up regulated | 263 Solyc049016250.3.1.3 | Up regulated
164 | Solyc08g078890.3.1.1 | Up regulated 214 | Solyc129g008830.3.1.1 | Up regulated | 264 | Solyc04g005600.3.1.3 | Up regulated
165 | Solyc08g077910.3.1.3 | Up regulated 215 | Solyc12g009480.2.1.1 | Up regulated | 265 | Solyc04g005410.3.1.4 | Up regulated
166 | Solyc08g077170.3.1.5 | Up regulated 216 | Solyc12g011010.2.1.2 | Upregulated | 266 | Solyc04g063370.3.1.5 | Up regulated
167 | Solyc089076710.3.1.1 | Up regulated 217 | Solyc12g036440.1.1.1 | Up regulated | 267 Solyc04g081755.2.1.4 | Up regulated
168 | Solyc089076700.1.1.1 | Up regulated 218 | Solyc12g036480.2.1.1 | Up regulated | 268 Solyc059005865.1.1.1 | Up regulated
169 | Solyc129g039080.3.1.3 | Up regulated 219 | Solyc129044840.2.1.4 | Upregulated | 269 | Solyc059052240.3.1.4 | Up regulated
170 | Solyc09g005940.4.1.8 | Up regulated 220 | Solyc12g041960.2.1.2 | Up regulated | 270 | Solyc059051450.2.1.4 | Up regulated
171 | Solyc09g005970.1.1.1 | Up regulated 221 | Solyc12g044390.3.1.1 | Upregulated | 271 | Solyc06g060320.4.1.2 | Up regulated
172 | Solyc099010810.3.1.6 | Up regulated 222 | Solyc12g056760.2.1.2 | Up regulated | 272 Solyc079006620.4.1.6 | Up regulated
173 | Solyc099007570.3.1.2 | Up regulated 223 | Solyc12g056710.3.1.1 | Up regulated | 273 | Solyc079g008570.3.1.11 | Up regulated
174 | Solyc099065420.3.1.3 | Up regulated 224 | Solyc129056610.3.1.3 | Up regulated | 274 | Solyc079061760.3.1.2 | Up regulated
175 | Solyc09g066410.3.1.1 | Up regulated 225 | Solyc12g088510.1.1.1 | Up regulated | 275 | Solyc08g014190.4.1.1 | Up regulated
176 | Solyc099064490.3.1.1 | Up regulated 226 | Solyc129g100280.3.1.2 | Up regulated | 276 Solyc089066620.3.1.3 | Up regulated
177 | Solyc099075990.3.1.1 | Up regulated 227 |Solyc12g100180.2.1.19| Up regulated | 277 Solyc08g078030.4.1.1 | Up regulated
178 | Solyc099075700.1.1.1 | Up regulated 228 | Solyc06g073587.1.1.9 | Up regulated | 278 | Solyc09g011980.1.1.1 | Up regulated
179 | Solyc099082280.3.1.3 | Up regulated 229 | Solyc03g112090.3.1.1 | Upregulated | 279 | Solyc09g011080.3.1.2 | Up regulated
180 | Solyc099083330.3.1.1 | Up regulated 230 | Solyc07g064750.1.1.2 | Up regulated | 280 | Solyc09g007470.2.1.1 | Up regulated
181 | Solyc099084490.4.1.3 | Up regulated 231 | Solyc01g109010.3.1.1 | Up regulated | 281 Solyc09g065100.3.1.6 | Up regulated
182 | Solyc099089650.1.1.1 | Up regulated 232 | Solyc09g065350.1.1.1 | Up regulated | 282 | Solyc01g095510.3.1.10 | Up regulated
183 | Solyc099089730.3.1.1 | Up regulated 233 | Solyc04g015630.2.1.1 | Up regulated | 283 | Solyc09g098010.3.1.3 | Up regulated
184 | Solyc09g090005.1.1.1 | Up regulated 234 | Solyc03g150149.1.1.1 | Up regulated | 284 | Solyc10g008930.1.1.1 | Up regulated
185 | Solyc099091880.4.1.6 | Up regulated 235 | Solyc12g006130.3.1.1 | Up regulated | 285 | Solyc10g047040.3.1.2 | Up regulated
186 | Solyc099092560.4.1.3 | Up regulated 236 | Solyc09g092750.3.1.2 | Up regulated | 286 Solyc10g009540.1.1.4 | Up regulated
187 | Solyc099092620.3.1.2 | Up regulated 237 | Solyc02g022900.3.1.2 | Up regulated | 287 Solyc129049616.1.1.1 | Up regulated
188 | Solyc099098490.4.1.2 | Up regulated 238 | Solyc029064810.1.1.3 | Up regulated | 288 | Solyc02g063000.4.1.1 | Up regulated
189 | Solyc10g007940.1.1.1 | Up regulated 239 | Solyc04g078350.1.1.1 | Up regulated | 289 | Solyc03g013250.4.1.6 | Up regulated
190 | Solyc109g005360.4.1.3 | Up regulated 240 | Solyc11g069730.1.1.1 | Upregulated | 290 | Solyc04g008245.1.1.7 | Up regulated
191 | Solyc10g009590.4.1.1 | Up regulated 241 | Solyc10g012000.1.1.1 | Up regulated | 291 Solyc08g068490.3.1.1 | Up regulated
192 | Solyc10g055780.1.1.1 | Up regulated 242 | Solyc04g057790.1.1.3 | Up regulated | 292 Solyc079016210.1.1.2 | Up regulated
193 | Solyc109055250.1.1.1 | Up regulated 243 | Solyc10g008780.1.1.1 | Up regulated | 293 | Solyc08g060920.4.1.3 | Up regulated
194 | Solyc109g054910.1.1.1 | Up regulated 244 | Solyc01g100070.3.1.1 | Up regulated | 294 | Solyc08g065410.3.1.1 | Up regulated
195 | Solyc10g048030.2.1.1 | Up regulated 245 | Solyc01g098310.3.1.2 | Up regulated | 295 Solyc01g088260.3.1.1 | Up regulated
196 | Solyc10g079350.3.1.1 | Up regulated 246 | Solyc11g005970.1.1.1 | Up regulated | 296 Solyc08g067940.3.1.1 | Up regulated
197 | Solyc10g080870.3.1.2 | Up regulated 247 | Solyc11g018710.1.1.1 | Up regulated | 297 Solyc10g055790.1.1.1 | Up regulated
198 | Solyc109g083440.2.1.1 | Up regulated 248 |Solyc119g066790.2.1.20| Up regulated | 298 | Solyc06g005460.1.1.1 | Up regulated
199 | Solyc109g084890.3.1.1 | Up regulated 249 | Solyc11g071670.2.1.1 | Upregulated | 299 | Solyc09g057760.4.1.2 | Up regulated
200 | Solyc109g085100.2.1.1 | Up regulated 250 | Solyc12g099860.2.1.9 | Up regulated | 300 Solyc01g099250.3.1.4 | Up regulated
S.No. 1D Status S.No. 1D Status S.No. 1D Status
301 | Solyc03g053085.1.1.3 | Up regulated 316 | Solyc01g106953.1.1.1 | Up regulated | 331 | Solyc09g097800.2.1.3 | Up regulated
302 | Solyc01g081160.4.1.6 | Up regulated 317 | Solyc12g042110.3.1.1 | Up regulated | 332 | Solyc10g075090.3.1.2 | Up regulated
303 | Solyc11g006505.1.1.2 | Up regulated 318 | Solyc01g009890.1.1.1 | Up regulated | 333 Solyc10g075103.1.1.1 | Up regulated
304 [Solyc12g036810.3.1.16] Up regulated 319 | Solyc02g070600.3.1.1 | Up regulated | 334 | Solyc11g044453.1.1.1 | Up regulated
305 | Solyc02g062045.1.1.1 | Up regulated 320 | Solyc02g089780.3.1.1 | Up regulated | 335 | Solyc07g005630.3.1.1 | Up regulated
306 | Solyc02g065480.2.1.1 | Up regulated 321 |Solyc03g083170.3.1.11) Up regulated | 336 | Solyc00g014790.2.1.1 | Up regulated
307 | Solyc02g079550.3.1.1 | Up regulated 322 | Solyc03g111885.1.1.1 | Up regulated

308 | Solyc03g077980.2.1.5 | Up regulated 323 | Solyc03g114200.4.1.6 | Up regulated

309 | Solyc03g098720.3.1.2 | Up regulated 324 | Solyc03g118770.4.1.1 | Up regulated

310 | Solyc04g008910.3.1.5 | Up regulated 325 | Solyc04g014330.1.1.1 | Up regulated

311 | Solyc049015110.3.1.2 | Up regulated 326 | Solyc05g006730.4.1.2 | Up regulated

312 | Solyc05g055750.3.1.1 | Up regulated 327 | Solyc05¢012950.3.1.1 | Up regulated

313 | Solyc07g051940.4.1.1 | Up regulated 328 | Solyc05g051345.1.1.2 | Up regulated

314 | Solyc08g080040.4.1.3 | Up regulated 329 | Solyc11g021360.3.1.1 | Up regulated

315 | Solyc10g049870.1.1.1 | Up regulated 330 | Solyc01g097930.3.1.5 | Up regulated
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1 Solyc03g093390.4.1.1 | Downregulated 61  [Solyc01g098720.3.1.2| Downregulated 121 | Solyc04g008120.3.1.1| Downregulated
2 Solyc01g105880.4.1.7 | Downregulated 62 |Solyc01g099050.3.1.2| Downregulated 122 | Solyc04g007760.3.1.2| Downregulated
3 Solyc03g044790.3.1.3 | Downregulated 63  [Solyc01g099210.3.1.9| Downregulated 123 | Solyc04g005170.1.1.1| Downregulated
4 Solyc08g078900.1.1.1 | Downregulated 64  |Solyc01g106510.2.1.1| Downregulated 124 | Solyc04g005140.2.1.1 | Downregulated
5 Solyc089g068610.3.1.4 | Downregulated 65 |Solyc01g108860.3.1.3| Downregulated 125 | Solyc04g011980.1.1.1 | Downregulated
6 Solyc129g096750.2.1.1 | Downregulated 66  |Solyc01g110780.1.1.1| Downregulated 126 | Solyc04g008670.2.1.1 | Downregulated
7 Solyc10g055260.2.1.1 | Downregulated 67  |Solyc01g109390.3.1.1| Downregulated 127 |Solyc049051490.3.1.13 Downregulated
8 Solyc03g120060.2.1.5 | Downregulated 68  |Solyc01g090300.2.1.1| Downregulated 128 | Solyc04g071520.3.1.7 | Downregulated
9 Solyc02¢g081120.4.1.1 | Downregulated 69  |Solyc01g091100.2.1.1| Downregulated 129 | Solyc04g072920.4.1.1 | Downregulated
10  [Solyc01g105070.3.1.1 | Downregulated 70  |Solyc01g109320.4.1.6| Downregulated 130 | Solyc04g074810.4.1.3| Downregulated
11  |Solyc02g091990.3.1.1 | Downregulated 71 |Solyc01g111010.4.1.3| Downregulated 131 | Solyc04g074880.2.1.1 | Downregulated
12 |Solyc06g005465.1.1.3 | Downregulated 72 |Solyc02g092410.3.1.7| Downregulated 132 | Solyc04g077990.3.1.2 | Downregulated
13 | Solyc04g058100.3.1.3 | Downregulated 73 |Solyc02g090220.3.1.1| Downregulated 133 | Solyc04g079130.2.1.3| Downregulated
14 | Solyc01g095080.3.1.1 | Downregulated 74 |Solyc02g089300.3.1.1| Downregulated 134 | Solyc04g079260.3.1.3 | Downregulated
15 [Solyc02g087970.1.1.1 | Downregulated 75  |Solyc02g088270.3.1.5| Downregulated 135 | Solyc04g078170.2.1.4| Downregulated
16  |Solyc02g085500.4.1.1 | Downregulated 76  |Solyc02g088210.3.1.3| Downregulated 136 | Solyc05g008670.3.1.2| Downregulated
17  |Solyc01g005160.4.1.1 | Downregulated 77 |Solyc02g087170.4.1.1| Downregulated 137 | Solyc05g009700.4.1.5| Downregulated
18  |Solyc04g050440.3.1.1 | Downregulated 78  |Solyc02g086452.1.1.2| Downregulated 138 | Solyc05g010060.4.1.3 | Downregulated
19  |Solyc10g076610.2.1.7 | Downregulated 79  |Solyc02g086300.4.1.3| Downregulated 139 | Solyc05¢010800.3.1.1| Downregulated
20 | Solyc07g056670.3.1.3 | Downregulated 80  |Solyc02g085630.3.1.2| Downregulated 140 | Solyc05g012030.1.1.1 | Downregulated
21 | Solyc08g080670.1.1.1 | Downregulated 81 |Solyc02g083490.3.1.4| Downregulated 141 | Solyc05g012320.1.1.2 | Downregulated
22 | Solyc01g104740.3.1.1 | Downregulated 82  |Solyc02g083480.3.1.4| Downregulated 142 | Solyc05g015880.3.1.4 | Downregulated
23 | Solyc07g008240.3.1.1 | Downregulated 83  |Solyc02g082170.3.1.1| Downregulated 143 | Solyc05g007230.4.1.2 | Downregulated
24 | Solyc12g008650.2.1.6 | Downregulated 84  |Solyc02g080200.4.1.1| Downregulated 144 | Solyc05¢g007610.2.1.1| Downregulated
25  |Solyc11g011210.2.1.1 | Downregulated 85  |Solyc02g079460.1.1.1| Downregulated 145 | Solyc05¢g007630.3.1.3| Downregulated
26 | Solyc01g067370.3.1.1 | Downregulated 86  |Solyc02g077520.3.1.1| Downregulated 146 | Solyc05g008320.1.1.1 | Downregulated
27 | Solyc079061720.3.1.3 | Downregulated 87  |Solyc02g077400.4.1.1| Downregulated 147 | Solyc05g055290.3.1.4| Downregulated
28 | Solyc01g087850.2.1.1 | Downregulated 88  |Solyc02g076910.3.1.3| Downregulated 148 | Solyc05g054780.3.1.1 | Downregulated
29 | Solyc08g014000.3.1.1 | Downregulated 89 |Solyc02g076820.4.1.1| Downregulated 149 | Solyc05g054090.3.1.2 | Downregulated
30 |Solyc01g090810.4.1.4 | Downregulated 90  [Solyc02g071070.3.1.4| Downregulated 150 | Solyc05g053860.4.1.1| Downregulated
31  |Solyc09g064910.1.1.1 | Downregulated 91  |Solyc02g070890.3.1.1| Downregulated 151 | Solyc05¢g053020.3.1.2| Downregulated
32 | Solyc10g007960.1.1.1 | Downregulated 92  |Solyc02g070180.3.1.1| Downregulated 152 | Solyc05g052890.3.1.5| Downregulated
33 | Solyc03g120380.3.1.1 | Downregulated 93  |Solyc02g066960.3.1.2| Downregulated 153 | Solyc05g052870.4.1.2 | Downregulated
34 | Solyc11g044910.2.1.1 | Downregulated 94 |Solyc02g065600.3.1.1| Downregulated 154 | Solyc05g052670.1.1.1 | Downregulated
35 | Solyc06g074990.3.1.3 | Downregulated 95  |Solyc02g064970.4.1.4| Downregulated 155 | Solyc05¢052650.2.1.1| Downregulated
36 |Solyc06g073590.3.1.2 | Downregulated 96  |Solyc02g064830.4.1.1| Downregulated 156  |Solyc05g051220.3.1.13 Downregulated
37  |Solyc10g084120.2.1.4 | Downregulated 97 | Solyc02g090450.3.1.4| Downregulated 157 | Solyc05¢046010.4.1.1| Downregulated
38 | Solyc079014680.4.1.1 | Downregulated 98  |Solyc02g068540.2.1.1| Downregulated 158 | Solyc05g055030.2.1.1 | Downregulated
39 |Solyc12g011030.3.1.3 | Downregulated 99  |Solyc02g063480.2.1.2| Downregulated 159 | Solyc06g008930.3.1.2| Downregulated
40 | Solyc01g101210.4.1.6 |Downregulated | 100 |Solyc03g006290.4.1.1| Downregulated 160 | Solyc06g034370.1.1.1| Downregulated
41 |Solyc089079920.2.1.1 | Downregulated | 101 |Solyc03g006910.3.1.2| Downregulated 161 | Solyc06g053930.3.1.4 | Downregulated
42 [Solyc04g014510.3.1.12 Downregulated | 102 |Solyc03g124110.2.1.1| Downregulated 162 | Solyc06g076330.3.1.2| Downregulated
43 | Solyc08g080660.1.1.1 | Downregulated | 103 | Solyc03g031530.4.1.1| Downregulated 163 | Solyc06g075970.4.1.1 | Downregulated
44 | Solyc04g011880.1.1.1 |Downregulated | 104 |Solyc03g031590.4.1.2| Downregulated 164 | Solyc06g075480.4.1.1 | Downregulated
45 | Solyc08g074682.1.1.1 | Downregulated | 105 |Solyc03g034320.3.1.3| Downregulated 165 | Solyc06g073580.4.1.3| Downregulated
46 | Solyc03g044180.1.1.1 | Downregulated | 106 |Solyc03g046380.1.1.1| Downregulated 166 | Solyc06g070910.3.1.1 | Downregulated
47  |Solyc04g078710.3.1.2 | Downregulated | 107 [Solyc03g080100.4.1.5| Downregulated 167 | Solyc06g065010.4.1.1| Downregulated
48  |Solyc01g090310.3.1.1 |Downregulated | 108 |Solyc03g079980.2.1.2| Downregulated 168 | Solyc069060500.1.1.1| Downregulated
49 | Solyc01g009760.3.1.1 | Downregulated | 109 |Solyc03g078620.1.1.1| Downregulated 169 | Solyc06g069900.3.1.1 | Downregulated
50 |Solyc01g006310.3.1.4 |Downregulated | 110 |Solyc03g082470.4.1.1| Downregulated 170 | Solyc06g063430.2.1.1| Downregulated
51 | Solyc01g006580.4.1.8 |Downregulated | 111 |Solyc03g093110.3.1.3| Downregulated 171 | Solyc06g063200.2.1.2 | Downregulated
52 | Solyc01g005390.3.1.5 |Downregulated | 112 |Solyc03g121100.4.1.3| Downregulated 172 | Solyc06g084190.3.1.1 | Downregulated
53 | Solyc01g006055.1.1.1 |Downregulated | 113  [Solyc03g119390.4.1.1| Downregulated 173 | Solyc06g084140.4.1.1| Downregulated
54 | Solyc01g005320.2.1.1 |Downregulated | 114 [Solyc03g115040.4.1.2| Downregulated 174 | Solyc06¢083160.1.1.1| Downregulated
55 | Solyc01g009320.2.1.1 |Downregulated | 115 |Solyc03g114900.3.1.3| Downregulated 175 | Solyc07g005380.4.1.2 | Downregulated
56  [Solyc01g057320.3.1.17|Downregulated | 116 |Solyc03g111300.1.1.1| Downregulated 176 | Solyc07g008230.1.1.1 | Downregulated
57 | Solyc01g066910.3.1.1 |Downregulated | 117 |Solyc04g015610.3.1.3| Downregulated 177 | Solyc07g017880.4.1.1 | Downregulated
58 |Solyc01g073860.3.1.1 | Downregulated | 118 |Solyc04g011480.3.1.1| Downregulated 178 | Solyc07g005150.3.1.1 | Downregulated
59  |Solyc01g081250.3.1.3 | Downregulated | 119 |Solyc04g010330.3.1.3| Downregulated 179 | Solyc07g005170.3.1.1| Downregulated
60 | Solyc01g088360.4.1.1 |Downregulated | 120 |Solyc04g008970.3.1.4| Downregulated 180 | Solyc07g006740.3.1.6 | Downregulated
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181 |Solyc07g006800.1.1.1 |Downregulated | 241 |Solyc09g090300.3.1.2| Downregulated 301 |Solyc09g008500.3.1.1| Downregulated
182 | Solyc07g006850.3.1.5 | Downregulated | 242 Solyc09g090900.4.1.15 Downregulated 302 | Solyc02g085770.4.1.4| Downregulated
183 | Solyc07g055990.3.1.3 |Downregulated | 243 [Solyc09g092600.3.1.1| Downregulated 303 | Solyc04g009590.4.1.2| Downregulated
184 | Solyc07g053840.1.1.1 |Downregulated | 244 |Solyc09g089910.1.1.1| Downregulated 304 | Solyc11g069900.3.1.1| Downregulated
185 |Solyc07g048000.3.1.3|Downregulated | 245 |Solyc09g091950.1.1.2| Downregulated 305 | Solyc08g082380.1.1.1| Downregulated
186 |Solyc07g042520.4.1.3 | Downregulated | 246 |Solyc10g008120.4.1.1| Downregulated 306 | Solyc02g089460.1.1.1| Downregulated
187 |Solyc079g042510.3.1.4 | Downregulated | 247 |Solyc10g007880.4.1.5| Downregulated 307 | Solyc02g092890.1.1.1 | Downregulated
188 |Solyc07g041500.3.1.5 |Downregulated | 248 [Solyc10g005010.4.1.1| Downregulated 308 |Solyc02g068460.1.1.1| Downregulated
189 | Solyc07g052620.1.1.1 |Downregulated | 249 |Solyc10g009310.4.1.2| Downregulated 309 | Solyc11g045140.1.1.4| Downregulated
190 | Solyc07g051890.1.1.1 |Downregulated | 250 |Solyc10g005140.1.1.1| Downregulated 310 |Solyc11g069880.1.1.1| Downregulated
191 | Solyc07g062480.2.1.1 |Downregulated | 251 |Solyc10g017510.3.1.2| Downregulated 311 | Solyc01g100440.3.1.1| Downregulated
192 | Solyc08g006520.1.1.1 | Downregulated | 252 |Solyc10g052600.1.1.1| Downregulated 312 | Solyc01g102550.4.1.9 | Downregulated
193 |Solyc089g007430.2.1.5 | Downregulated | 253 |Solyc10g076240.3.1.1| Downregulated 313 | Solyc01g110730.4.1.1| Downregulated
194 | Solyc08g007480.2.1.2 |Downregulated | 254 [Solyc10g076830.2.1.2| Downregulated 314 |Solyc02g094370.1.1.1 | Downregulated
195 | Solyc08g008360.2.1.1 | Downregulated | 255 |Solyc10g078230.3.1.1| Downregulated 315 |Solyc02g093960.3.1.11] Downregulated
196 | Solyc08g008600.3.1.2 | Downregulated | 256 |Solyc10g078720.2.1.7| Downregulated 316 | Solyc02g092460.3.1.5| Downregulated
197 | Solyc08g008660.4.1.1 | Downregulated | 257 |Solyc10g083250.2.1.3| Downregulated 317 | Solyc02g090410.4.1.1| Downregulated
198 | Solyc08g007600.2.1.1 |Downregulated | 258 |Solyc10g083880.2.1.2| Downregulated 318 |Solyc02g089790.4.1.16] Downregulated
199 [Solyc08g007610.1.1.1 | Downregulated | 259 |Solyc10g083890.2.1.6| Downregulated 319 | Solyc02g086760.1.1.1| Downregulated
200 |Solyc08g007660.2.1.2 | Downregulated | 260 |Solyc109085090.3.1.5| Downregulated 320 | Solyc02g072220.1.1.1| Downregulated
201 |Solyc08g014050.2.1.1 |Downregulated | 261 |Solyc109080060.1.1.1| Downregulated 321 | Solyc03g034410.1.1.1| Downregulated
202 |Solyc08g014350.1.1.1 |Downregulated | 262 | Solyc109086490.2.1.4| Downregulated 322 | Solyc03g078090.4.1.4 | Downregulated
203 | Solyc08g036620.4.1.3 |Downregulated | 263 |Solyc11g007370.3.1.1| Downregulated 323  |Solyc03g121230.3.1.14| Downregulated
204 | Solyc08g041700.1.1.1 | Downregulated | 264 |Solyc11g010290.2.1.4| Downregulated 324  |Solyc03g112950.4.1.21) Downregulated
205 | Solyc08g044510.4.1.7 |Downregulated | 265 |Solyc11g011630.3.1.1| Downregulated 325 | Solyc04g008470.3.1.2 | Downregulated
206 | Solyc08g067510.1.1.1 |Downregulated | 266 |Solyc11g011730.1.1.1| Downregulated 326 | Solyc04g008080.1.1.1| Downregulated
207 | Solyc08g068600.3.1.4 | Downregulated | 267 |Solyc11g018500.3.1.1| Downregulated 327 | Solyc04g054840.1.1.1| Downregulated
208 |Solyc08g068630.4.1.1 | Downregulated | 268 |Solyc11g005300.2.1.1| Downregulated 328 | Solyc04g054440.3.1.2 | Downregulated
209 |Solyc08g061010.4.1.1 |Downregulated | 269 |Solyc11g005860.2.1.5| Downregulated 329 | Solyc04g074930.4.1.1| Downregulated
210 | Solyc08g061060.3.1.1 |Downregulated | 270 |Solyc11g040140.2.1.1| Downregulated 330 | Solyc05g008910.3.1.2 | Downregulated
211 | Solyc08g082980.2.1.7 |Downregulated | 271 |Solyc11g066140.2.1.4| Downregulated 331 | Solyc05g012660.3.1.2 | Downregulated
212 | Solyc08g081680.2.1.2 |Downregulated | 272 |Solyc119066950.2.1.1| Downregulated 332 | Solyc01g067860.3.1.4 | Downregulated
213 | Solyc08g080750.4.1.3 |Downregulated | 273 |Solyc119g069240.2.1.4| Downregulated 333 | Solyc059056400.3.1.8 | Downregulated
214  |Solyc08g078930.1.1.1 |Downregulated | 274 |Solyc11g071470.1.1.1| Downregulated 334 | Solyc05¢g051180.3.1.1| Downregulated
215 |Solyc08g078910.1.1.1 | Downregulated | 275 |Solyc11g069680.1.1.1| Downregulated 335 | Solyc06g009280.1.1.5| Downregulated
216 | Solyc08g078870.3.1.1 | Downregulated | 276 |Solyc11g072770.2.1.1| Downregulated 336 | Solyc04g008135.1.1.3| Downregulated
217 |Solyc08g074980.4.1.1 | Downregulated | 277 |Solyc12g005310.2.1.2| Downregulated 337 | Solyc06g059990.4.1.1 | Downregulated
218 |Solyc08g074260.3.1.2 |Downregulated | 278 |Solyc129g011360.2.1.3| Downregulated 338 | Solyc07g005110.4.1.1| Downregulated
219 |Solyc08g082460.4.1.2 |Downregulated | 279 |Solyc03g083996.1.1.2| Downregulated 339 | Solyc07g007320.3.1.1| Downregulated
220 |Solyc08g080310.2.1.1 |Downregulated | 280 |Solyc12g013610.2.1.1| Downregulated 340 | Solyc079g009430.1.1.1| Downregulated
221 | Solyc08g078880.3.1.1 | Downregulated | 281 |Solyc12g036470.2.1.1| Downregulated 341 | Solyc07g055970.1.1.1 | Downregulated
222 | Solyc099015350.4.1.1 | Downregulated | 282 |Solyc12g040640.2.1.1| Downregulated 342 | Solyc07g065110.1.1.1 | Downregulated
223 | Solyc09g014820.3.1.3 |Downregulated | 283 | Solyc129g040860.2.1.2| Downregulated 343 | Solyc08g005500.4.1.2 | Downregulated
224 | Solyc09g013150.4.1.6 | Downregulated | 284 | Solyc129g049550.2.1.5| Downregulated 344 | Solyc01g087630.2.1.2 | Downregulated
225 |Solyc09g011540.2.1.1 |Downregulated | 285 |Solyc12g056730.1.1.1| Downregulated 345 | Solyc08g036505.2.1.1| Downregulated
226 | Solyc09g010200.4.1.3 |Downregulated | 286 |Solyc12g056050.1.1.1| Downregulated 346 | Solyc08g068410.3.1.3| Downregulated
227 | Solyc09g009980.3.1.1 | Downregulated | 287 |Solyc12g077360.1.1.1| Downregulated 347 | Solyc08g068520.3.1.1 | Downregulated
228 |Solyc09g008913.1.1.2 | Downregulated | 288 |Solyc12g077370.3.1.1| Downregulated 348 | Solyc099066260.4.1.2| Downregulated
229 |Solyc09g007660.1.1.1 |Downregulated | 289  |Solyc129099580.2.1.4| Downregulated 349 | Solyc09g091400.4.1.2 | Downregulated
230 |Solyc09g007650.3.1.1 | Downregulated | 290 |Solyc129g098320.3.1.1| Downregulated 350 | Solyc09g092235.1.1.1| Downregulated
231 |Solyc09g005480.3.1.1 |Downregulated | 291 |Solyc12g094610.3.1.5| Downregulated 351 | Solyc109g024490.2.1.1| Downregulated
232 | Solyc09g008910.2.1.1 |Downregulated | 292 |Solyc109g011925.1.1.1| Downregulated 352 |Solyc10g047170.2.1.13 Downregulated
233 | Solyc099025280.1.1.1 | Downregulated | 293 |Solyc12g036267.1.1.1| Downregulated 353 | Solyc10g076370.3.1.1| Downregulated
234 | Solyc099066450.3.1.1 | Downregulated | 294 | Solyc05g054790.1.1.1| Downregulated 354 | Solyc10g076400.2.1.1 | Downregulated
235 |Solyc09g075870.2.1.9 |Downregulated | 295 |Solyc12g098607.1.1.1| Downregulated 355 | Solyc109g009487.1.1.2 | Downregulated
236 | Solyc09g074590.1.1.1 | Downregulated | 296 |Solyc06¢g150136.1.1.1| Downregulated 356 | Solyc11g007520.1.1.1| Downregulated
237 | Solyc09g073040.3.1.2 | Downregulated | 297 |Solyc09g057900.3.1.4| Downregulated 357 | Solyc01g105387.1.1.1| Downregulated
238 | Solyc09g072700.4.1.1 | Downregulated | 298 |Solyc11g150136.1.1.3| Downregulated 358 | Solyc02g076630.1.1.1 | Downregulated
239 |Solyc09g082480.2.1.1 | Downregulated | 299 |Solyc04g064650.1.1.1| Downregulated 359 |Solyc02g082960.3.1.3| Downregulated
240 |Solyc09g089990.3.1.1 |Downregulated | 300 |Solyc019110870.3.1.1| Downregulated 360 | Solyc02g086480.1.1.1| Downregulated
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S.No. 1D Status S.No. 1D Status S.No. 1D Status
361 |Solyc03g079880.4.1.1 |Downregulated | 401 |Solyc02g062710.1.1.1| Downregulated 441 | Solyc05g007620.1.1.1| Downregulated
362 | Solyc03g116520.1.1.1 |Downregulated | 402 |Solyc03g026270.3.1.1| Downregulated 442 | Solyc059018310.1.1.1 | Downregulated
363 |Solyc04g055130.1.1.1 | Downregulated | 403 | Solyc03g020080.4.1.2| Downregulated 443 | Solyc069060210.1.1.1 | Downregulated
364 |Solyc04g078370.3.1.3 |Downregulated | 404  |Solyc039117260.2.1.2| Downregulated 444 | Solyc069g060510.2.1.1| Downregulated
365 |Solyc06g084170.3.1.3 |Downregulated | 405 |Solyc019108360.4.1.1| Downregulated 445 | Solyc069075520.3.1.4| Downregulated
366 |Solyc06g061200.1.1.1 |Downregulated | 406 |Solyc05g056410.1.1.1| Downregulated 446  |Solyc089060970.4.1.10, Downregulated
367 |Solyc07g150147.1.1.1 | Downregulated | 407 |Solyc06g082770.3.1.2| Downregulated 447 | Solyc08g076620.1.1.1 | Downregulated
368 |Solyc07g009080.4.1.1 | Downregulated | 408 |Solyc07g052150.4.1.1| Downregulated 448 | Solyc08g005120.3.1.2 | Downregulated
369 |Solyc07g009050.3.1.1 | Downregulated | 409  |Solyc079g063800.2.1.7| Downregulated 449 | Solyc09g065750.3.1.1| Downregulated
370 |Solyc01g106140.2.1.2 |Downregulated | 410 |Solyc079065330.3.1.2| Downregulated 450 | Solyc09g092410.4.1.2| Downregulated
371 |Solyc01g110770.2.1.3 |Downregulated | 411 |Solyc079g055690.1.1.1| Downregulated 451 | Solyc09g005430.3.1.2| Downregulated
372  |Solyc01g110680.4.1.1 |Downregulated | 412 |Solyc08g079930.2.1.1| Downregulated 452 | Solyc07g062670.1.1.1| Downregulated
373 | Solyc01g110670.3.1.1 | Downregulated | 413 | Solyc08g079970.2.1.1| Downregulated 453 | Solyc029086950.1.1.1 | Downregulated
374 | Solyc08g067500.1.1.1 | Downregulated | 414 |Solyc08g079900.3.1.1| Downregulated 454 | Solyc059018770.2.1.1 | Downregulated
375 |Solyc08g080530.1.1.1 |Downregulated | 415 |Solyc08g078940.1.1.1| Downregulated 455 | Solyc05¢g010270.1.1.1| Downregulated
376 | Solyc09g009000.4.1.1 |Downregulated | 416 |Solyc08g008430.4.1.2| Downregulated 456 | Solyc01g090980.1.1.1| Downregulated
377 |Solyc09g083090.4.1.1 |Downregulated | 417 |Solyc099091210.4.1.1| Downregulated 457 | Solyc069g052020.2.1.1| Downregulated
378 |Solyc10g008650.2.1.1 |Downregulated | 418 |Solyc099g011120.1.1.1| Downregulated 458 | Solyc03g122000.4.1.1| Downregulated
379 | Solyc03g006730.3.1.1 | Downregulated | 419 | Solyc09g005420.4.1.1| Downregulated

380 |Solyc03g006750.1.1.1 | Downregulated | 420 |Solyc09g014870.1.1.1| Downregulated

381 |Solyc01g096620.4.1.2 | Downregulated | 421  |Solyc01g094260.4.1.5| Downregulated

382 |Solyc10g086320.2.1.7 |Downregulated | 422 | Solyc01g094270.3.1.5| Downregulated

383 |Solyc08g150139.1.1.1 |Downregulated | 423 |Solyc06¢g083120.1.1.1| Downregulated

384 | Solyc07g008930.1.1.1 | Downregulated | 424 | Solyc07g008980.3.1.2| Downregulated

385 |Solyc04g017740.1.1.1 | Downregulated | 425 |Solyc10g017980.1.1.1| Downregulated

386 | Solyc02g088980.3.1.2 | Downregulated | 426 |Solyc10g011930.1.1.1| Downregulated

387 |Solyc06g054290.3.1.1 |Downregulated | 427 |Solyc119g018774.1.1.1| Downregulated

388 |Solyc01g101195.1.1.2 |Downregulated | 428 |Solyc11g069560.2.1.1| Downregulated

389 |Solyc07g047827.1.1.2 |Downregulated | 429 |Solyc12g017700.2.1.3| Downregulated

390 [Solyc01g100100.4.1.1|Downregulated | 430 |Solyc02g063527.1.1.7| Downregulated

391 |Solyc029g091260.1.1.1 |Downregulated | 431 |Solyc01g073840.1.1.1| Downregulated

392 |Solyc01g110940.3.1.1 |Downregulated | 432 |Solyc02g071700.3.1.3| Downregulated

393 |Solyc10g083410.1.1.1 |Downregulated | 433 | Solyc03g096300.3.1.2| Downregulated

394 |Solyc12g088860.2.1.1 |Downregulated | 434 |Solyc03g115710.1.1.1| Downregulated

395 |Solyc02g079720.1.1.1 |Downregulated | 435 |Solyc03g005500.1.1.1| Downregulated

396 |Solyc09g097810.3.1.2 | Downregulated | 436 | Solyc08g062250.3.1.1| Downregulated

397 | Solyc079g044970.1.1.1 | Downregulated | 437 |Solyc04g011960.2.1.1| Downregulated

398 |Solyc01g097690.2.1.1 |Downregulated | 438 |Solyc049g014220.1.1.1| Downregulated

399 |Solyc01g107810.2.1.1 |Downregulated | 439 | Solyc04g055150.1.1.1| Downregulated

400 |Solyc01g110930.1.1.1 |Downregulated | 440 |Solyc04g055140.1.1.1| Downregulated
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Annexure 7: Differentially expressed genes in RNA seq of CLN (Tolerant variety).

S.No. id Status S.No. id Status S.No. id Status
1 Solyc11g022590.1.1.1 Up regulated 66 Solyc01g101180.4.1.6 | Up regulated 131 | Solyc01g107760.4.1.2| Up regulated
2 Solyc029092800.3.1.2 Up regulated 67 Solyc01g101190.3.1.6 | Up regulated 132 | Solyc01g108350.4.1.1| Up regulated
3 Solyc03g119770.4.1.1 Up regulated 68 Solyc09g091000.4.1.2 | Up regulated 133 | Solyc01g108880.4.1.3| Up regulated
4 Solyc01g006540.4.1.10 Up regulated 69 Solyc07g006380.3.1.2 | Up regulated 134 | Solyc01g109120.3.1.1| Up regulated
5 Solyc079049460.3.1.5 Up regulated 70 Solyc10g075050.2.1.2 | Up regulated 135 | Solyc01g110110.3.1.1| Up regulated
6 Solyc089068610.3.1.4 Up regulated 71 Solyc12g006680.2.1.1 | Up regulated 136 | Solyc01g109390.3.1.1| Up regulated
7 Solyc12g010030.3.1.1 Up regulated 72 Solyc11g066700.2.1.1 | Up regulated 137 | Solyc01g112230.4.1.1| Up regulated
8 Solyc08g078700.2.1.2 Up regulated 73 Solyc02g083860.3.1.2 | Up regulated 138 | Solyc01g087280.2.1.9| Up regulated
9 Solyc09g061280.4.1.3 Up regulated 74 Solyc04g076845.1.1.1 | Up regulated 139 | Solyc01g088790.2.1.3| Up regulated
10 Solyc02g032910.3.1.1 Up regulated 75 Solyc03g111730.3.1.4 | Up regulated 140 | Solyc01g095960.4.1.2| Up regulated
11 Solyc09g091510.3.1.2 Up regulated 76 Solyc04g078460.3.1.1 | Up regulated 141 | Solyc01g105350.3.1.2| Up regulated
12 Solyc05¢053550.3.1.2 Up regulated 77 Solyc06g051940.4.1.3 | Up regulated 142 | Solyc01g105610.1.1.1| Up regulated
13 Solyc07g026650.3.1.1 Up regulated 78 Solyc02g085910.4.1.1 | Up regulated 143 | Solyc01g105770.2.1.1| Up regulated
14 Solyc02g084850.3.1.1 Up regulated 79 Solyc03g098100.4.1.2 | Up regulated 144 | Solyc01g110140.4.1.2| Up regulated
15 Solyc03g006880.3.1.1 Up regulated 80 Solyc10g085880.1.1.1 | Up regulated 145 | Solyc02g014730.3.1.2| Up regulated
16 Solyc04g076880.3.1.13 Up regulated 81 Solyc10g085890.1.1.1 | Up regulated 146 | Solyc02g032820.3.1.1| Up regulated
17 Solyc09g090970.4.1.1 Up regulated 82 Solyc04g005610.3.1.3 | Up regulated 147 | Solyc02g093700.3.1.1| Up regulated
18 Solyc03g098790.3.1.1 Up regulated 83 Solyc03g044180.1.1.1 | Up regulated 148 | Solyc02g093180.3.1.1| Up regulated
19 Solyc09g089610.3.1.2 Up regulated 84 Solyc05g054900.3.1.2 | Up regulated 149 | Solyc02g092820.4.1.1| Up regulated
20 Solyc08g008110.2.1.1 Up regulated 85 Solyc08g016720.1.1.1 | Up regulated 150 | Solyc02g091070.3.1.6| Up regulated
21 Solyc01g095080.3.1.1 Up regulated 86 Solyc01g008670.4.1.1 | Up regulated 151 | Solyc02g090970.1.1.1| Up regulated
22 Solyc01g068410.4.1.1 Up regulated 87 Solyc01g150101.1.1.6 | Up regulated 152 | Solyc02g090210.3.1.5| Up regulated
23 Solyc069063330.3.1.1 Up regulated 88 Solyc01g006930.3.1.6 | Up regulated 153 | Solyc02g089140.3.1.3| Up regulated
24 Solyc09g098160.3.1.6 Up regulated 89 Solyc01g005500.3.1.3 | Up regulated 154 | Solyc02g086530.4.1.1| Up regulated
25 Solyc11g018530.2.1.1 Up regulated 90 Solyc01g006050.2.1.1 | Up regulated 155 | Solyc02g085630.3.1.2| Up regulated
26 Solyc02g083520.2.1.1 Up regulated 91 Solyc01g009370.2.1.1 | Up regulated 156 | Solyc02g084950.3.1.4| Up regulated
27 Solyc069036260.3.1.7 Up regulated 92 Solyc01g006530.1.1.1 | Up regulated 157 | Solyc02g082910.4.1.1| Up regulated
28 Solyc03g115890.3.1.3 Up regulated 93 Solyc01g060260.4.1.4 | Up regulated 158  |Solyc02g082850.3.1.10; Up regulated
29 Solyc11g065600.2.1.1 Up regulated 94 Solyc01g057910.3.1.3 | Up regulated 159 | Solyc02g082450.3.1.6 | Up regulated
30 Solyc07g056570.1.1.1 Up regulated 95 Solyc01g058250.2.1.2 | Up regulated 160 | Solyc02g080850.1.1.1| Up regulated
31 Solyc04g078900.3.1.1 Up regulated 96 Solyc01g067295.1.1.1 | Up regulated 161 | Solyc02g079520.3.1.1| Up regulated
32 Solyc01g109140.3.1.1 Up regulated 97 Solyc01g066570.3.1.2 | Up regulated 162 | Solyc02g079430.4.1.2| Up regulated
33 Solyc04g082030.1.1.1 Up regulated 98 Solyc01g065740.3.1.4 | Up regulated 163 | Solyc02g078250.4.1.1| Up regulated
34 Solyc03g098795.1.1.2 Up regulated 99 Solyc01g079300.4.1.4 | Up regulated 164 | Solyc02g077020.3.1.1| Up regulated
35 Solyc08g005670.2.1.2 Up regulated 100 | Solyc01g080410.3.1.3| Up regulated 165 | Solyc02g071710.3.1.5| Up regulated
36 Solyc08g005680.4.1.4 Up regulated 101 | Solyc01g080870.3.1.1| Up regulated 166 | Solyc02g069730.3.1.1| Up regulated
37 Solyc03g096670.3.1.1 Up regulated 102 | Solyc01g081250.3.1.3| Up regulated 167 | Solyc02g069510.1.1.1| Up regulated
38 Solyc069059930.4.1.2 Up regulated 103 | Solyc01g081590.4.1.2 | Up regulated 168 | Solyc02g068380.3.1.4| Up regulated
39 Solyc09g089930.3.1.1 Up regulated 104 | Solyc01g081600.3.1.2 | Up regulated 169 | Solyc02g067680.1.1.1| Up regulated
40 Solyc029086880.4.1.3 Up regulated 105 | Solyc01g079670.2.1.1| Up regulated 170 | Solyc02g067440.3.1.1| Up regulated
41 Solyc129056600.3.1.2 Up regulated 106 | Solyc01g087180.4.1.1| Up regulated 171 | Solyc02g065430.1.1.1| Up regulated
42 Solyc01g101170.4.1.1 Up regulated 107  |Solyc01g088430.4.1.10] Up regulated 172 | Solyc02g065240.3.1.1| Up regulated
43 Solyc01g088160.4.1.5 Up regulated 108 | Solyc01g090340.3.1.1| Up regulated 173 | Solyc02g065050.1.1.1| Up regulated
44 Solyc10g086250.2.1.1 Up regulated 109 | Solyc01g090730.3.1.1| Up regulated 174 | Solyc02g062500.3.1.3| Up regulated
45 Solyc069084070.3.1.1 Up regulated 110 | Solyc01g090790.4.1.5| Up regulated 175 | Solyc02g062460.4.1.3| Up regulated
46 Solyc02g061770.4.1.3 Up regulated 111 | Solyc01g090890.3.1.3 | Up regulated 176 | Solyc02g062390.3.1.2| Up regulated
47 Solyc06g062540.3.1.4 Up regulated 112 | Solyc01g096280.2.1.2 | Up regulated 177 | Solyc02g094270.2.1.2| Up regulated
48 Solyc07g064600.3.1.6 Up regulated 113 | Solyc01g096320.3.1.2 | Up regulated 178 | Solyc02g094040.3.1.9| Up regulated
49 Solyc08g066650.3.1.5 Up regulated 114 | Solyc01g096720.4.1.8 | Up regulated 179 | Solyc02g090980.1.1.1| Up regulated
50 Solyc04g054730.3.1.12 Up regulated 115 | Solyc01g097470.4.1.1| Up regulated 180 | Solyc02g086850.3.1.7 | Up regulated
51 Solyc03g115220.4.1.1 Up regulated 116 | Solyc01g098720.3.1.2 | Up regulated 181 | Solyc02g085150.4.1.3| Up regulated
52 Solyc01g100370.3.1.1 Up regulated 117 | Solyc01g099620.3.1.2 | Up regulated 182 | Solyc02g084910.4.1.2| Up regulated
53 Solyc02g038740.4.1.4 Up regulated 118 | Solyc01g099660.4.1.7 | Up regulated 183 | Solyc02g080840.1.1.1| Up regulated
54 Solyc09g089580.4.1.1 Up regulated 119 | Solyc01g099880.4.1.1| Up regulated 184 | Solyc02g079150.2.1.3| Up regulated
55 Solyc09g092520.3.1.1 Up regulated 120 | Solyc01g102260.3.1.1| Up regulated 185 | Solyc02g077580.1.1.1| Up regulated
56 Solyc05¢051850.3.1.4 Up regulated 121 | Solyc01g102890.4.1.1| Up regulated 186 | Solyc02g077360.1.1.1| Up regulated
57 Solyc12g014360.2.1.5 Up regulated 122 | Solyc01g102910.4.1.2 | Up regulated 187 | Solyc02g070610.3.1.1| Up regulated
58 Solyc07g055920.4.1.2 Up regulated 123 | Solyc01g102960.3.1.1| Up regulated 188 | Solyc02g070110.1.1.1| Up regulated
59 Solyc11g011340.2.1.3 Up regulated 124 | Solyc01g105370.4.1.1| Up regulated 189 | Solyc03g005210.4.1.1| Up regulated
60 Solyc01g057000.3.1.1 Up regulated 125 | Solyc01g106060.3.1.4 | Up regulated 190 | Solyc03g007360.3.1.2| Up regulated
61 Solyc02g086310.2.1.1 Up regulated 126 | Solyc01g105000.3.1.1| Up regulated 191 | Solyc03g007690.1.1.1| Up regulated
62 Solyc03g111720.3.1.1 Up regulated 127 | Solyc01g106600.2.1.1| Up regulated 192 | Solyc03g005520.1.1.1| Up regulated
63 Solyc09g082690.3.1.3 Up regulated 128 | Solyc01g106920.4.1.1| Up regulated 193 | Solyc03g006900.2.1.4| Up regulated
64 Solyc029077290.2.1.2 Up regulated 129 | Solyc01g107080.3.1.1| Up regulated 194 | Solyc03g019690.1.1.1| Up regulated
65 Solyc01g101210.4.1.6 Up regulated 130 | Solyc01g107460.2.1.1| Up regulated 195 | Solyc03g025720.3.1.2| Up regulated
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S.No. id Status S.No. id Status S.No. id Status
196 Solyc03g025810.4.1.2 Up regulated 261 | Solyc04g080970.4.1.2 | Up regulated 326 | Solyc06g061210.4.1.3| Up regulated
197 Solyc03g031630.3.1.2 Up regulated 262 | Solyc04¢g072300.1.1.1| Up regulated 327 | Solyc06g060910.2.1.3| Up regulated
198 Solyc03g032170.2.1.1 Up regulated 263 | Solyc04g080500.3.1.2 | Up regulated 328 | Solyc06g083850.4.1.2| Up regulated
199 Solyc03g034030.3.1.4 Up regulated 264 | Solyc04g080990.2.1.1| Up regulated 329 | Solyc06g082430.2.1.1| Up regulated
200 Solyc03g083500.3.1.2 Up regulated 265 | Solyc04g081120.1.1.1| Up regulated 330 |Solyc06g082420.4.1.4| Up regulated
201 Solyc03g078770.3.1.2 Up regulated 266 | Solyc059005170.4.1.7 | Up regulated 331 | Solyc06g082240.2.1.5| Up regulated
202 Solyc03g078500.3.1.2 Up regulated 267 | Solyc05g005280.4.1.4 | Up regulated 332 |Solyc07g005370.4.1.1| Up regulated
203 Solyc03g078490.4.1.2 Up regulated 268 | Solyc059009120.3.1.1| Up regulated 333 |Solyc07g005820.3.1.1| Up regulated
204 Solyc03g094020.3.1.8 Up regulated 269 | Solyc05g009500.3.1.1| Up regulated 334 | Solyc07g006680.1.1.1 | Up regulated
205 Solyc03g096540.3.1.1 Up regulated 270 | Solyc05g010330.4.1.4 | Up regulated 335 | Solyc07g006860.3.1.3| Up regulated
206 Solyc03g096545.1.1.1 Up regulated 271 | Solyc05g010516.1.1.1| Up regulated 336 |Solyc07g008210.4.1.3| Up regulated
207 Solyc03g096770.1.1.1 Up regulated 272 | Solyc059012955.1.1.2 | Up regulated 337 |Solyc07g008360.2.1.1| Up regulated
208 Solyc03g096780.1.1.1 Up regulated 273 | Solyc05g013010.3.1.2 | Up regulated 338 |Solyc07g008710.3.1.2| Up regulated
209 Solyc03g097500.3.1.3 Up regulated 274 | Solyc059016690.3.1.1 | Up regulated 339 |Solyc07g017980.1.1.1| Up regulated
210 Solyc03g097440.3.1.6 Up regulated 275 | Solyc05g018880.1.1.1 | Up regulated 340 | Solyc07g056510.3.1.2| Up regulated
211 Solyc03g098670.1.1.1 Up regulated 276 | Solyc059024260.3.1.6 | Up regulated 341 | Solyc07g055560.4.1.5| Up regulated
212 Solyc03g098700.1.1.1 Up regulated 277 | Solyc05g006670.2.1.1| Up regulated 342 | Solyc07g054790.1.1.1| Up regulated
213 Solyc03g093620.1.1.1 Up regulated 278 | Solyc05g056470.1.1.1| Up regulated 343 | Solyc07g054780.1.1.1| Up regulated
214 Solyc03g098710.1.1.1 Up regulated 279 | Solyc05¢g053620.3.1.3| Up regulated 344 | Solyc07g054760.1.1.1| Up regulated
215 Solyc03g098740.1.1.1 Up regulated 280 | Solyc059052680.1.1.1| Up regulated 345 | Solyc07g053140.3.1.1| Up regulated
216 Solyc03g123680.1.1.1 Up regulated 281 | Solyc05¢9052670.1.1.1| Up regulated 346 | Solyc07g052370.4.1.1| Up regulated
217 Solyc03g122140.3.1.1 Up regulated 282 | Solyc05¢g052370.3.1.1| Up regulated 347 | Solyc07g051950.3.1.2| Up regulated
218 Solyc03g120870.3.1.3 Up regulated 283 | Solyc05¢g051940.3.1.2 | Up regulated 348 | Solyc07g042490.1.1.1| Up regulated
219 Solyc07g014600.2.1.2 Up regulated 284 | Solyc05¢g051550.2.1.3 | Up regulated 349 | Solyc07g042470.3.1.1| Up regulated
220 Solyc03g119840.3.1.4 Up regulated 285 | Solyc05¢051210.3.1.2| Up regulated 350 | Solyc07g054950.2.1.5| Up regulated
221 Solyc03g118190.4.1.1 Up regulated 286 | Solyc059050210.4.1.1| Up regulated 351 | Solyc07g052620.1.1.1| Up regulated
222 Solyc03g116610.3.1.2 Up regulated 287 | Solyc059047680.4.1.2 | Up regulated 352 | Solyc07g049600.4.1.1| Up regulated
223 Solyc03g115960.3.1.1 Up regulated 288 | Solyc059047530.3.1.2| Up regulated 353 | Solyc07g042430.1.1.4| Up regulated
224 Solyc03g116530.3.1.1 Up regulated 289 | Solyc059046140.3.1.1| Up regulated 354 | Solyc07g064990.3.1.3| Up regulated
225 Solyc03g113540.3.1.1 Up regulated 290 | Solyc05g039950.2.1.1| Up regulated 355 | Solyc07g061800.4.1.1| Up regulated
226 Solyc03g112340.1.1.1 Up regulated 291 | Solyc05¢g053890.3.1.1| Up regulated 356 | Solyc08g006020.4.1.3| Up regulated
227 Solyc03g112040.1.1.1 Up regulated 292 | Solyc05¢g053150.2.1.1| Up regulated 357 | Solyc08g006150.3.1.8| Up regulated
228 Solyc03g111860.1.1.1 Up regulated 293 | Solyc06¢g007970.3.1.1| Up regulated 358 | Solyc08g007270.4.1.1| Up regulated
229 Solyc03g111815.1.1.1 Up regulated 294 | Solyc06g008368.1.1.3 | Up regulated 359 | Solyc08g008240.3.1.1| Up regulated
230 Solyc03g111510.3.1.5 Up regulated 295 | Solyc06¢g009050.3.1.1| Up regulated 360 | Solyc08g008360.2.1.1| Up regulated
231 Solyc03g111400.1.1.1 Up regulated 296 | Solyc069g035960.3.1.3| Up regulated 361 |Solyc08g013740.4.1.6| Up regulated
232 Solyc03g111100.1.1.1 Up regulated 297 | Solyc06¢g035710.1.1.1| Up regulated 362 [Solyc089014010.4.1.10, Up regulated
233 Solyc03g121040.4.1.1 Up regulated 298 | Solyc06g034410.3.1.1| Up regulated 363 | Solyc08g014560.3.1.1| Up regulated
234 Solyc03g115310.1.1.1 Up regulated 299 | Solyc06¢g050530.3.1.2 | Up regulated 364 | Solyc08g023510.3.1.1| Up regulated
235 Solyc03g113690.1.1.1 Up regulated 300 | Solyc06g050900.3.1.4 | Up regulated 365 |Solyc08g036570.1.1.1| Up regulated
236 Solyc04g011600.4.1.2 Up regulated 301 | Solyc06g051860.3.1.1| Up regulated 366 | Solyc08g048290.4.1.2| Up regulated
237 Solyc04g010330.3.1.3 Up regulated 302 | Solyc06g051840.1.1.1| Up regulated 367 |Solyc08g062970.1.1.1| Up regulated
238 Solyc04g010320.1.1.1 Up regulated 303 | Solyc06g054030.2.1.3 | Up regulated 368 | Solyc12g089385.1.1.1| Up regulated
239 Solyc04g008230.3.1.1 Up regulated 304 | Solyc06g076800.3.1.2 | Up regulated 369 |Solyc08g066100.3.1.2| Up regulated
240 Solyc04g007825.2.1.2 Up regulated 305 | Solyc06g076760.2.1.5| Up regulated 370 [Solyc089067160.3.1.10] Up regulated
241 Solyc04g005100.3.1.3 Up regulated 306 | Solyc06g076400.3.1.1| Up regulated 371 | Solyc08g068630.4.1.1| Up regulated
242 Solyc04g011940.3.1.1 Up regulated 307 | Solyc06g076160.4.1.1| Up regulated 372 | Solyc08g068665.1.1.1| Up regulated
243 Solyc04g005380.3.1.1 Up regulated 308 | Solyc06g075480.4.1.1| Up regulated 373 | Solyc08g068720.1.1.1| Up regulated
244 Solyc04g005300.4.1.1 Up regulated 309 | Solyc06g074750.1.1.1| Up regulated 374 | Solyc08g059700.2.1.4| Up regulated
245 Solyc04g083140.2.1.2 Up regulated 310 | Solyc06g074140.1.1.1| Up regulated 375 |Solyc08g081820.4.1.3| Up regulated
246 Solyc04g050790.3.1.1 Up regulated 311  |Solyc06g073760.3.1.10, Up regulated 376 | Solyc08g081630.2.1.1| Up regulated
247 Solyc04g064630.3.1.1 Up regulated 312 | Solyc06g072990.1.1.1| Up regulated 377 | Solyc08g081350.2.1.4| Up regulated
248 Solyc04g064770.1.1.2 Up regulated 313 | Solyc06g072870.1.1.1| Up regulated 378 | Solyc08g079420.3.1.1| Up regulated
249 | Solyc04g071340.5.1.12 Up regulated 314 | Solyc06g071820.3.1.2 | Up regulated 379 | Solyc08g078460.3.1.7 | Up regulated
250 Solyc04¢071520.3.1.7 Up regulated 315 | Solyc06g068130.3.1.1| Up regulated 380 |Solyc08g078180.1.1.1| Up regulated
251 Solyc04g071600.3.1.1 Up regulated 316 | Solyc06g067980.3.1.3| Up regulated 381 | Solyc08g077910.3.1.3| Up regulated
252 Solyc04g071780.3.1.2 Up regulated 317 | Solyc06g066750.3.1.2 | Up regulated 382 | Solyc08g077900.3.1.3| Up regulated
253 Solyc04g072280.3.1.5 Up regulated 318 | Solyc06g062490.3.1.1| Up regulated 383 | Solyc08g077330.3.1.1| Up regulated
254 Solyc04g072760.3.1.1 Up regulated 319 | Solyc06g062460.3.1.1| Up regulated 384 | Solyc08g076250.3.1.1| Up regulated
255 Solyc04g074990.3.1.3 Up regulated 320 | Solyc06g062370.4.1.3| Up regulated 385 | Solyc08g075880.4.1.1| Up regulated
256 Solyc04g077170.3.1.1 Up regulated 321 | Solyc06g060970.2.1.2 | Up regulated 386 | Solyc08g075320.4.1.5| Up regulated
257 Solyc04g077740.1.1.1 Up regulated 322 | Solyc06g074640.2.1.9 | Up regulated 387 | Solyc08g079800.4.1.1| Up regulated
258 Solyc04g078660.2.1.1 Up regulated 323 | Solyc06g066230.4.1.2 | Up regulated 388 | Solyc08g078620.1.1.1| Up regulated
259 Solyc04g079260.3.1.3 Up regulated 324 | Solyc06g065420.2.1.3 | Up regulated 389 | Solyc08g076710.3.1.1| Up regulated
260 Solyc04g080540.2.1.4 Up regulated 325 | Solyc06g063280.1.1.1| Up regulated 390 | Solyc08g076700.1.1.1| Up regulated
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S.No. id Status S.No. id Status S.No. id Status
391 Solyc099014930.1.1.1 Up regulated 456 | Solyc10g078780.2.1.1| Up regulated 521 |Solyc10g018140.2.1.1| Up regulated
392 Solyc09g014750.1.1.1 Up regulated 457 | Solyc10g079380.2.1.2 | Up regulated 522 | Solyc06¢g036190.1.1.1| Up regulated
393 Solyc09g011550.3.1.1 Up regulated 458 | Solyc11g006300.2.1.1 | Up regulated 523 |Solyc02g079800.1.1.1| Up regulated
394 Solyc09g011520.3.1.1 Up regulated 459 | Solyc11g006490.2.1.1| Up regulated 524  |Solyc01g011105.1.1.1| Up regulated
395 | Solyc09g008780.4.1.12 Up regulated 460 | Solyc11g007390.1.1.1| Up regulated 525 |Solyc01g101260.2.1.1| Up regulated
396 Solyc09g005970.1.1.1 Up regulated 461 | Solyc11g007500.2.1.1| Up regulated 526 | Solyc05¢g025985.1.1.1| Up regulated
397 Solyc09g005730.4.1.3 Up regulated 462 | Solyc11g010740.3.1.1| Up regulated 527 |Solyc01g150126.1.1.2| Up regulated
398 Solyc09g005210.4.1.2 Up regulated 463 | Solyc11g011110.3.1.1| Up regulated 528 |Solyc01g100070.3.1.1| Up regulated
399 Solyc09g011350.3.1.1 Up regulated 464 | Solyc11g011330.2.1.3| Up regulated 529 |Solyc02g092890.1.1.1| Up regulated
400 Solyc09g010650.1.1.1 Up regulated 465 | Solyc11g012120.2.1.2 | Up regulated 530 |Solyc02g068460.1.1.1| Up regulated
401 Solyc09g008770.3.1.1 Up regulated 466 | Solyc11g013110.2.1.1| Up regulated 531 |Solyc05g010000.1.1.1| Up regulated
402 Solyc09g061700.3.1.1 Up regulated 467 | Solyc11g005310.1.1.1| Up regulated 532  |Solyc02g090120.1.1.1| Up regulated
403 Solyc09g064160.3.1.3 Up regulated 468 | Solyc11g005860.2.1.5| Up regulated 533 |Solyc01g006640.1.1.6 | Up regulated
404 Solyc09g064820.1.1.1 Up regulated 469 | Solyc11g006310.2.1.5| Up regulated 534  |Solyc01g009270.1.1.1| Up regulated
405 Solyc09g065410.4.1.3 Up regulated 470 | Solyc11g007490.1.1.1| Up regulated 535 |Solyc10g079390.1.1.1| Up regulated
406 Solyc09g065440.4.1.1 Up regulated 471 | Solyc11g013220.2.1.1| Up regulated 536 |Solyc11g073075.1.1.1| Up regulated
407 Solyc09g065420.3.1.3 Up regulated 472 | Solyc11g040140.2.1.1 | Up regulated 537 |Solyc12g088190.2.1.7 | Up regulated
408 Solyc09g066150.2.1.1 Up regulated 473 | Solyc11g065520.1.1.1 | Up regulated 538 | Solyc12g099130.2.1.3| Up regulated
409 Solyc09g066410.3.1.1 Up regulated 474 | Solyc11g069240.2.1.4 | Up regulated 539 |Solyc01g008420.3.1.4| Up regulated
410 Solyc09g066350.1.1.1 Up regulated 475 | Solyc11g069640.2.1.6 | Up regulated 540 |Solyc01g107090.2.1.1| Up regulated
411 Solyc099074760.1.1.1 Up regulated 476 | Solyc11g071480.1.1.1 | Up regulated 541 |Solyc01g150131.1.1.3| Up regulated
412 Solyc09g074570.1.1.1 Up regulated 477 | Solyc11g071940.1.1.1 | Up regulated 542 | Solyc02g077970.4.1.1| Up regulated
413 Solyc09g075700.1.1.1 Up regulated 478 | Solyc11g072380.2.1.1| Up regulated 543 | Solyc02g072070.4.1.1| Up regulated
414 Solyc09g075400.4.1.1 Up regulated 479 | Solyc11g072470.3.1.1| Up regulated 544 | Solyc02g070660.3.1.5| Up regulated
415 Solyc09g082270.4.1.3 Up regulated 480 |Solyc11g073120.2.1.3| Up regulated 545 | Solyc02g065020.2.1.1| Up regulated
416 Solyc09g082280.3.1.3 Up regulated 481 | Solyc12g005450.1.1.1| Up regulated 546 | Solyc02g062380.3.1.1| Up regulated
417 Solyc09g082460.3.1.5 Up regulated 482 | Solyc12g010920.2.1.1| Up regulated 547 | Solyc02g061990.3.1.1| Up regulated
418 Solyc09g082550.3.1.12 Up regulated 483 | Solyc12g010960.2.1.1| Up regulated 548 | Solyc02g072570.2.1.1| Up regulated
419 Solyc09g083435.1.1.3 Up regulated 484 | Solyc03g083996.1.1.2 | Up regulated 549 | Solyc03g007230.4.1.1| Up regulated
420 Solyc09g084490.4.1.3 Up regulated 485 | Solyc12g017340.1.1.1| Up regulated 550 | Solyc03g007720.3.1.2| Up regulated
421 Solyc09g089540.4.1.2 Up regulated 486 | Solyc12g019230.2.1.1| Up regulated 551 | Solyc03g013440.4.1.2| Up regulated
422 Solyc09g089730.3.1.1 Up regulated 487 | Solyc12g005440.1.1.1| Up regulated 552 | Solyc03g026370.1.1.1| Up regulated
423 Solyc09g089860.4.1.7 Up regulated 488 | Solyc12g013610.2.1.1| Up regulated 553 | Solyc03g071750.3.1.1| Up regulated
424 Solyc09g090300.3.1.2 Up regulated 489 | Solyc12g035400.2.1.4 | Up regulated 554 | Solyc03g094120.3.1.1| Up regulated
425 Solyc09g090500.3.1.14 Up regulated 490 | Solyc12g036470.2.1.1| Up regulated 555 | Solyc03g095700.1.1.1| Up regulated
426 Solyc09g090790.3.1.1 Up regulated 491 | Solyc12g036480.2.1.1| Up regulated 556  |Solyc039120020.4.1.13 Up regulated
427 Solyc09g091530.2.1.4 Up regulated 492 | Solyc12g056610.3.1.3 | Up regulated 557 | Solyc03g113850.1.1.1| Up regulated
428 | Solyc099091670.3.1.17 Up regulated 493 | Solyc12g055710.1.1.1 | Up regulated 558 |Solyc01g059940.2.1.1| Up regulated
429 Solyc09g092490.3.1.2 Up regulated 494 | Solyc12g056730.1.1.1| Up regulated 559 | Solyc04g018090.2.1.2| Up regulated
430 Solyc099092560.4.1.3 Up regulated 495 | Solyc12g088640.2.1.2 | Up regulated 560 |Solyc04g009520.3.1.4| Up regulated
431 Solyc09g092580.4.1.2 Up regulated 496 | Solyc12g088970.1.1.3 | Up regulated 561 | Solyc04g054150.2.1.1| Up regulated
432 Solyc099092620.3.1.2 Up regulated 497 | Solyc12g088180.1.1.1 | Up regulated 562 | Solyc04g082830.3.1.9| Up regulated
433 Solyc09g089910.1.1.1 Up regulated 498 | Solyc12g100270.2.1.5| Up regulated 563 | Solyc05g005610.4.1.1| Up regulated
434 Solyc09g098080.4.1.1 Up regulated 499 | Solyc12g100250.3.1.1 | Up regulated 564 | Solyc05g012660.3.1.2| Up regulated
435 Solyc10g009270.3.1.1 Up regulated 500 |Solyc12¢g098900.2.1.2| Up regulated 565 | Solyc01g067620.3.1.3| Up regulated
436 Solyc10g008330.4.1.1 Up regulated 501 | Solyc12g098590.3.1.2 | Up regulated 566 | Solyc059052410.3.1.1| Up regulated
437 Solyc02g061620.2.1.2 Up regulated 502 | Solyc12¢g096310.2.1.2| Up regulated 567 | Solyc059052240.3.1.4| Up regulated
438 Solyc10g008040.4.1.1 Up regulated 503 | Solyc12g094690.1.1.1 | Up regulated 568 |Solyc059050220.3.1.12] Up regulated
439 Solyc10g005090.3.1.1 Up regulated 504 | Solyc04g072037.1.1.1| Up regulated 569 | Solyc01g079130.2.1.6| Up regulated
440 Solyc10g055560.2.1.2 Up regulated 505 | Solyc04g076730.1.1.1| Up regulated 570 |Solyc04g056713.1.1.1| Up regulated
441 Solyc10g052500.2.1.1 Up regulated 506 |Solyc059018930.1.1.1| Up regulated 571 |Solyc07g006370.1.1.1| Up regulated
442 Solyc10g050880.2.1.1 Up regulated 507 | Solyc03g119550.3.1.5| Up regulated 572 | Solyc07g008520.3.1.6 | Up regulated
443 Solyc10g048030.2.1.1 Up regulated 508 |Solyc08g021880.1.1.1| Up regulated 573 |Solyc079008570.3.1.11 Up regulated
444 Solyc10g075170.3.1.6 Up regulated 509 | Solyc08g081880.3.1.2| Up regulated 574 | Solyc07g054770.1.1.1| Up regulated
445 Solyc10g076250.2.1.1 Up regulated 510 |Solyc03g112090.3.1.1| Up regulated 575 | Solyc07g051930.3.1.1| Up regulated
446 Solyc10g076510.2.1.5 Up regulated 511 | Solyc04g064470.2.1.1| Up regulated 576 |Solyc07g044920.1.1.1| Up regulated
447 Solyc10g078230.3.1.1 Up regulated 512 | Solyc07g064750.1.1.2 | Up regulated 577 | Solyc079g064660.1.1.1| Up regulated
448 Solyc10g078270.2.1.1 Up regulated 513 | Solyc07g064650.3.1.1| Up regulated 578 |Solyc08g014190.4.1.1| Up regulated
449 Solyc10g081560.3.1.1 Up regulated 514 | Solyc12g150105.1.1.2| Up regulated 579 | Solyc08g078550.1.1.1| Up regulated
450 Solyc10g083440.2.1.1 Up regulated 515 | Solyc079062460.4.1.5| Up regulated 580 |Solyc08g078170.1.1.1| Up regulated
451 Solyc10g083690.3.1.1 Up regulated 516 |Solyc12g006130.3.1.1| Up regulated 581 | Solyc08g075940.4.1.3| Up regulated
452 Solyc10g084890.3.1.1 Up regulated 517 | Solyc04¢g077300.3.1.2| Up regulated 582  |Solyc01g091250.3.1.1| Up regulated
453 Solyc10g084900.1.1.1 Up regulated 518 |Solyc059006610.4.1.1| Up regulated 583 | Solyc09g014910.4.1.2| Up regulated
454 Solyc10g085870.1.1.1 Up regulated 519 | Solyc07g063640.1.1.1| Up regulated 584 | Solyc09g007470.2.1.1| Up regulated
455 Solyc10g086270.2.1.1 Up regulated 520 |Solyc01g008870.1.1.1| Up regulated 585 | Solyc09g065430.4.1.3| Up regulated
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586 Solyc09g075270.1.1.1 Up regulated 651 | Solyc02g067730.2.1.1| Up regulated 716 | Solyc06g076310.1.1.1| Up regulated
587 Solyc09g082300.3.1.1 Up regulated 652 | Solyc03g116190.2.1.1| Up regulated
588 Solyc099091400.4.1.2 Up regulated 653 | Solyc03g007340.4.1.1| Up regulated
589 Solyc09g091960.3.1.1 Up regulated 654 | Solyc09g066190.1.1.1| Up regulated
590 Solyc09g092725.1.1.2 Up regulated 655 | Solyc11g069770.2.1.1| Up regulated
591 Solyc10g024490.2.1.1 Up regulated 656 [Solyc12g005380.3.1.14| Up regulated
592 | Solyc10g055620.2.1.14 Up regulated 657 | Solyc12g098110.1.1.1| Up regulated
593 Solyc02g087890.4.1.2 Up regulated 658 | Solyc12g100260.1.1.1| Up regulated
594 Solyc10g007870.3.1.1 Up regulated 659 | Solyc02g093890.1.1.1| Up regulated
595 Solyc10g074390.1.1.1 Up regulated 660 | Solyc02g065480.2.1.1| Up regulated
596 Solyc10g078770.2.1.1 Up regulated 661 | Solyc01g105767.1.1.1| Up regulated
597 Solyc10g081780.3.1.1 Up regulated 662 | Solyc03g097570.3.1.1| Up regulated
598 Solyc11g065990.2.1.2 Up regulated 663 | Solyc03g112010.4.1.2 | Up regulated
599 Solyc01g112130.4.1.1 Up regulated 664 | Solyc03g112030.3.1.1| Up regulated
600 Solyc12g150125.1.1.2 Up regulated 665 | Solyc01g067130.4.1.1| Up regulated
601 Solyc12g056675.1.1.2 Up regulated 666 | Solyc01g006620.3.1.1| Up regulated
602 Solyc12g056678.1.1.1 Up regulated 667 | Solyc01g006650.2.1.3| Up regulated
603 Solyc12g056674.1.1.2 Up regulated 668 | Solyc06g069150.1.1.1| Up regulated
604 Solyc129044954.1.1.2 Up regulated 669 | Solyc06g069350.3.1.1| Up regulated
605 Solyc01g107825.1.1.1 Up regulated 670 |Solyc07g007770.2.1.2| Up regulated
606 Solyc029071430.3.1.4 Up regulated 671 | Solyc079007610.2.1.5| Up regulated
607 Solyc02g063000.4.1.1 Up regulated 672 | Solyc07g052120.4.1.1| Up regulated
608 Solyc029084940.1.1.1 Up regulated 673 | Solyc07g063800.2.1.7 | Up regulated
609 Solyc02g084430.3.1.2 Up regulated 674 | Solyc08g061890.4.1.1| Up regulated
610 Solyc01g086680.4.1.2 Up regulated 675 | Solyc09g065740.2.1.4 | Up regulated
611 Solyc03g096190.2.1.1 Up regulated 676 | Solyc01g094240.3.1.5| Up regulated
612 Solyc04¢007810.1.1.1 Up regulated 677 | Solyc10g081840.3.1.5| Up regulated
613 Solyc04g071590.3.1.2 Up regulated 678 |Solyc059010170.2.1.1| Up regulated
614 Solyc05¢015850.4.1.2 Up regulated 679 | Solyc06¢g060675.1.1.1| Up regulated
615 Solyc06g068600.3.1.1 Up regulated 680 |Solyc10g084400.2.1.1| Up regulated
616 Solyc06g005660.3.1.1 Up regulated 681 |Solyc11g068880.2.1.1| Up regulated
617 Solyc069064560.4.1.1 Up regulated 682 | Solyc12g008440.1.1.1| Up regulated
618 Solyc06g083290.1.1.1 Up regulated 683 | Solyc01g091170.3.1.7 | Up regulated
619 Solyc01g059950.1.1.1 Up regulated 684 | Solyc04g054256.1.1.1| Up regulated
620 Solyc07g052560.3.1.2 Up regulated 685 |Solyc01g112120.4.1.1| Up regulated
621 Solyc07g007420.3.1.3 Up regulated 686 | Solyc02g067780.3.1.7 | Up regulated
622 Solyc07g054060.3.1.2 Up regulated 687 | Solyc02g070600.3.1.1| Up regulated
623 Solyc08g080270.3.1.1 Up regulated 688 | Solyc02g067790.4.1.1| Up regulated
624 Solyc05¢024230.3.1.1 Up regulated 689 | Solyc02g089780.3.1.1| Up regulated
625 Solyc01g088260.3.1.1 Up regulated 690 | Solyc02g094290.1.1.1| Up regulated
626 Solyc08g082520.1.1.1 Up regulated 691 | Solyc02¢g031730.1.1.1| Up regulated
627 Solyc08g067300.1.1.1 Up regulated 692 | Solyc03g115970.2.1.6 | Up regulated
628 Solyc08g007090.3.1.1 Up regulated 693 | Solyc04g014290.1.1.1| Up regulated
629 Solyc08g006330.3.1.1 Up regulated 694 | Solyc04g014320.1.1.1| Up regulated
630 Solyc08g068790.3.1.1 Up regulated 695 |Solyc04g014330.1.1.1| Up regulated
631 Solyc09g008830.3.1.2 Up regulated 696 | Solyc04g014350.1.1.1| Up regulated
632 Solyc09g092767.1.1.3 Up regulated 697 | Solyc01g080230.3.1.8 | Up regulated
633 Solyc09g083090.4.1.1 Up regulated 698 | Solyc05g006730.4.1.2 | Up regulated
634 Solyc01g103060.4.1.1 Up regulated 699 |Solyc01g081020.1.1.1| Up regulated
635 Solyc09g083040.1.1.1 Up regulated 700 | Solyc059012950.3.1.1| Up regulated
636 Solyc10g150102.1.1.1 Up regulated 701 | Solyc07g054240.2.1.1| Up regulated
637 Solyc129062690.2.1.3 Up regulated 702 | Solyc07g063700.2.1.8| Up regulated
638 Solyc03g119800.3.1.1 Up regulated 703 | Solyc09g082700.2.1.1| Up regulated
639 Solyc069066710.1.1.1 Up regulated 704 | Solyc09g092540.1.1.1| Up regulated
640 Solyc07g038110.3.1.1 Up regulated 705 | Solyc09g065750.3.1.1| Up regulated
641 Solyc01g068520.1.1.1 Up regulated 706 | Solyc09g097800.2.1.3| Up regulated
642 Solyc10g006150.3.1.1 Up regulated 707 | Solyc10g051120.3.1.4 | Up regulated
643 Solyc069005460.1.1.1 Up regulated 708 | Solyc11g069920.1.1.2 | Up regulated
644 Solyc07g062790.1.1.1 Up regulated 709 | Solyc11g068560.2.1.1| Up regulated
645 Solyc099090685.1.1.3 Up regulated 710 | Solyc04g018080.4.1.2 | Up regulated
646 Solyc04g017740.1.1.1 Up regulated 711 | Solyc05g018870.3.1.1| Up regulated
647 Solyc07g066360.1.1.1 Up regulated 712 | Solyc06¢g005795.2.1.1| Up regulated
648 Solyc03g082520.1.1.1 Up regulated 713  |Solyc01g150172.1.1.16] Up regulated
649 Solyc11g006450.3.1.2 Up regulated 714 | Solyc01g090980.1.1.1| Up regulated
650 Solyc12g088850.1.1.1 Up regulated 715 | Solyc06g050870.3.1.1| Up regulated
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S.No. id Status S.No. id Status S.No. id Status
1 Solyc03g093390.4.1.1 | Down regulated 66  |Solyc01g080800.3.1.1| Down regulated | 131 |Solyc049g064920.4.1.1| Down regulated
2 Solyc10g052470.1.1.1 | Down regulated 67 |Solyc01g087800.2.1.1| Down regulated | 132 |Solyc04g078860.4.1.2| Down regulated
3 Solyc03g119910.4.1.2 | Down regulated 68  |Solyc01g091700.4.1.3| Down regulated | 133 |Solyc04g079470.3.1.1| Down regulated
4 Solyc07g052480.3.1.2 | Down regulated 69  |Solyc01g096880.4.1.2| Down regulated | 134 |Solyc04g074020.2.1.3] Down regulated
5 Solyc01g095140.4.1.2 | Down regulated 70  |Solyc01g097550.4.1.6] Down regulated | 135 |Solyc109g018290.2.1.1] Down regulated
6 Solyc08g079870.3.1.1 | Down regulated 71  |Solyc01g102340.3.1.3| Down regulated | 136 |Solyc05g006750.3.1.2] Down regulated
7 Solyc04g081870.4.1.1 | Down regulated 72 |Solyc01g103590.4.1.1| Down regulated | 137  |Solyc05g008960.3.1.4| Down regulated
8 Solyc03g006490.3.1.4 | Down regulated 73 |Solyc01g106640.2.1.1| Down regulated | 138 |Solyc05¢g012030.1.1.1] Down regulated
9 Solyc06g005465.1.1.3 | Down regulated 74 |Solyc01g106820.3.1.1| Down regulated | 139 |Solyc05g013410.3.1.1| Down regulated
10 Solyc04g058100.3.1.3 | Down regulated 75  |Solyc01g107520.3.1.1| Down regulated | 140 Bolyc05g015320.3.1.11 Down regulated
11 Solyc039121540.3.1.19 | Down regulated 76 |Solyc01g109690.1.1.1| Down regulated | 141 |Solyc059g053860.4.1.1] Down regulated
12 Solyc10g086570.3.1.2 | Down regulated 77  |Solyc01g098060.1.1.1| Down regulated | 142 |Solyc059g053170.3.1.2| Down regulated
13 Solyc11g007880.1.1.1 | Down regulated 78  |Solyc01g098370.1.1.1| Down regulated | 143 |Solyc05g052890.3.1.5| Down regulated
14 Solyc07g009380.4.1.3 | Down regulated 79  |Solyc01g105960.2.1.3| Down regulated | 144 |Solyc05g047600.4.1.1| Down regulated
15 Solyc04g081530.1.1.1 | Down regulated 80 [Solyc01g108416.1.1.2| Down regulated | 145 |Solyc059047590.4.1.2| Down regulated
16 Solyc04g009900.4.1.1 | Down regulated 81 [Solyc01g111010.4.1.3| Down regulated | 146 Bolyc06g006110.3.1.11 Down regulated
17 Solyc01g109150.4.1.1 | Down regulated 82  |Solyc02g022850.1.1.1| Down regulated | 147  |Solyc06g008930.3.1.2| Down regulated
18 Solyc12g008650.2.1.6 | Down regulated 83  [Solyc02g093670.3.1.2| Down regulated | 148  |Solyc06g035760.4.1.1| Down regulated
19 Solyc11g020330.1.1.1 | Down regulated 84  |Solyc02g093480.4.1.1| Down regulated | 149 |Solyc06g035700.1.1.1| Down regulated
20 Solyc07g047850.3.1.1 | Down regulated 85  [Solyc02g086452.1.1.2| Down regulated | 150 |Solyc06g034370.1.1.1| Down regulated
21 Solyc07g061730.3.1.1 | Down regulated 86  [Solyc02g083690.2.1.4| Down regulated | 151 |Solyc06g050800.4.1.4| Down regulated
22 Solyc08g014000.3.1.1 | Down regulated 87  |Solyc02g081030.4.1.1| Down regulated | 152 |Solyc06g054570.1.1.1| Down regulated
23 Solyc07g007750.3.1.1 | Down regulated 88  [Solyc02g080120.3.1.3| Down regulated | 153  |Solyc06g073580.4.1.3| Down regulated
24 Solyc06g074730.4.1.1 | Down regulated 89  [Solyc02g079980.3.1.4| Down regulated | 154  |Solyc06g072670.3.1.1| Down regulated
25 Solyc10g007960.1.1.1 | Down regulated 90  |Solyc029079460.1.1.1| Down regulated | 155 |Solyc06g072460.1.1.1| Down regulated
26 Solyc03g117250.4.1.2 | Down regulated 91  [Solyc02g078500.2.1.4| Down regulated | 156 |Solyc06g072350.3.1.3| Down regulated
27 Solyc06g008590.3.1.1 | Down regulated 92  |Solyc02g077430.4.1.1| Down regulated | 157 |Solyc06g069640.3.1.1| Down regulated
28 Solyc10g084120.2.1.4 | Down regulated 93  [Solyc02g077400.4.1.1| Down regulated | 158 |Solyc06g068040.3.1.9| Down regulated
29 Solyc08g008045.1.1.1 | Down regulated 94 |Solyc02g077110.3.1.2| Down regulated | 159 |Solyc06g067870.3.1.3| Down regulated
30 Solyc03g006550.4.1.10 | Down regulated 95  [Solyc02g070180.3.1.1| Down regulated | 160 |Solyc06g063050.4.1.3| Down regulated
31 Solyc03g006545.1.1.1 | Down regulated 96 [Solyc02g067380.4.1.1| Down regulated | 161 |Solyc06g063040.1.1.1| Down regulated
32 Solyc03g096290.3.1.1 | Down regulated 97  |Solyc02g064800.3.1.6| Down regulated | 162 |Solyc069062450.3.1.3| Down regulated
33 Solyc12g006140.2.1.1 | Down regulated 98  [Solyc02g090450.3.1.4| Down regulated | 163  |Solyc06g062390.3.1.3| Down regulated
34 Solyc01g105050.3.1.2 | Down regulated 99  [Solyc02g083920.1.1.1| Down regulated | 164 |Solyc06g060640.1.1.1| Down regulated
35 Solyc08g074683.1.1.1 | Down regulated | 100 |Solyc03g006452.1.1.1| Down regulated | 165 |Solyc069076910.3.1.2] Down regulated
36 Solyc03g093790.3.1.1 | Down regulated | 101 |Solyc03g007940.4.1.3| Down regulated| 166 |Solyc099018970.1.1.1] Down regulated
37 Solyc05g054050.4.1.1 | Down regulated | 102 |Solyc03g025460.3.1.1| Down regulated | 167 |Solyc069g069740.1.1.1] Down regulated
38 Solyc08g061920.3.1.2 | Down regulated | 103 |Solyc03g031530.4.1.1| Down regulated | 168 |Solyc069069600.3.1.5| Down regulated
39 Solyc10g047810.3.1.1 | Down regulated | 104 |Solyc03g034000.3.1.3| Down regulated| 169 |Solyc069g063200.2.1.2| Down regulated
40 Solyc10g083300.2.1.4 | Down regulated | 105 |Solyc03g034100.4.1.2| Down regulated| 170 [Solyc06g084190.3.1.1] Down regulated
41 Solyc09g009540.4.1.1 | Down regulated | 106 |Solyc03g058440.1.1.1| Down regulated| 171 |Solyc069g084040.3.1.1 Down regulated
42 Solyc02g070980.1.1.1 | Down regulated | 107 |Solyc03g083730.1.1.1| Down regulated | 172  |Solyc07g005680.4.1.6] Down regulated
43 Solyc03g115900.4.1.2 | Down regulated | 108 |Solyc03g082350.2.1.2| Down regulated| 173 [Solyc079g006310.1.1.1] Down regulated
44 Solyc08g067320.3.1.1 | Down regulated | 109 |Solyc03g080100.4.1.5| Down regulated| 174 [Solyc079g008600.1.1.1] Down regulated
45 Solyc03g005770.3.1.1 | Down regulated | 110 |Solyc03g078620.1.1.1| Down regulated | 175 [Solyc079009060.4.1.1 Down regulated
46 Solyc03g005780.3.1.1 | Down regulated | 111 |Solyc03g095980.3.1.1| Down regulated| 176 |Solyc079g009170.4.1.9] Down regulated
47 Solyc08g079860.2.1.1 | Down regulated | 112 |Solyc03g122080.3.1.5| Down regulated| 177 [Solyc07g016215.1.1.1] Down regulated
48 Solyc06g069730.3.1.2 | Down regulated | 113 |Solyc03g121240.1.1.1| Down regulated| 178 |Solyc089068480.1.1.1] Down regulated
49 Solyc06g035490.3.1.1 | Down regulated | 114 |Solyc03g115040.4.1.2| Down regulated | 179 [Solyc07g043230.3.1.3| Down regulated
50 Solyc02g071000.1.1.1 | Down regulated | 115 |Solyc03g114530.4.1.1| Down regulated| 180 |Solyc07g066560.1.1.1] Down regulated
51 Solyc04g011880.1.1.1 | Down regulated | 116 |Solyc03g111710.3.1.5| Down regulated| 181 |Solyc079065500.2.1.1] Down regulated
52 Solyc10g007600.3.1.1 | Down regulated | 117 |Solyc03g111290.2.1.1| Down regulated | 182 |Solyc07g064760.2.1.2| Down regulated
53 Solyc02g070990.1.1.1 | Down regulated | 118 |Solyc03g119660.2.1.5| Down regulated| 183 |Solyc07g064720.3.1.5| Down regulated
54 Solyc02g071010.1.1.1 | Down regulated | 119 |Solyc04g011870.1.1.1| Down regulated| 184 |Solyc07g063600.3.1.1] Down regulated
55 Solyc02g070940.1.1.1 | Down regulated | 120 |Solyc04g011860.1.1.1| Down regulated | 185 [Solyc079062700.3.1.7| Down regulated
56 Solyc02g070970.1.1.1 | Down regulated | 121 |Solyc04g007940.4.1.2| Down regulated| 186 |Solyc079g062040.3.1.4| Down regulated
57 Solyc04g007690.3.1.6 | Down regulated | 122 |Solyc04g007760.3.1.2| Down regulated | 187 [Solyc07g061890.1.1.1] Down regulated
58 Solyc01g006550.3.1.1 | Down regulated | 123 |Solyc04g007750.4.1.2| Down regulated | 188 |Solyc089006100.4.1.2| Down regulated
59 Solyc01g017600.3.1.1 | Down regulated | 124 |Solyc04g005660.4.1.2| Down regulated| 189 |Solyc08g007150.1.1.1| Down regulated
60 Solyc01g009690.3.1.1 | Down regulated | 125 |Solyc04g005480.1.1.1| Down regulated| 190 |Solyc08g007430.2.1.5| Down regulated
61 Solyc01g006310.3.1.4 | Down regulated | 126 |Solyc04g016190.1.1.1| Down regulated| 191 |Solyc08g007830.1.1.1] Down regulated
62 Solyc01g006520.3.1.2 | Down regulated | 127  |Solyc04g026020.3.1.1| Down regulated | 192  |Solyc08g008305.1.1.1| Down regulated
63 Solyc01g067460.3.1.1 | Down regulated | 128 |Solyc04g053030.1.1.1| Down regulated| 193 |Solyc08g007840.3.1.2| Down regulated
64 Solyc01g079830.3.1.1 | Down regulated | 129 |Solyc04g051360.3.1.2| Down regulated| 194 |Solyc08g014490.1.1.1| Down regulated
65 Solyc019080680.3.1.16 | Down regulated | 130 [Solyc04g051270.2.1.1| Down regulated | 195 |Solyc08g036620.4.1.3| Down regulated
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196 Solyc08g036640.3.1.3 | Down regulated | 261 |Solyc12¢g017870.2.1.1| Down regulated | 326 |Solyc089068110.1.1.4| Down regulated
197 Solyc08g065430.3.1.1 | Down regulated | 262 |Solyc12g019550.2.1.2| Down regulated | 327 Bolyc08g080520.4.1.26 Down regulated
198 Solyc08g067550.1.1.1 | Down regulated | 263 |Solyc12g044380.3.1.1| Down regulated | 328 |Solyc08g077490.2.1.1| Down regulated
199 Solyc08g078840.3.1.4 | Down regulated | 264 |Solyc12g049190.3.1.1| Down regulated | 329  |Solyc099092760.2.1.2| Down regulated
200 Solyc08g074510.1.1.2 | Down regulated | 265 |Solyc12g043150.3.1.1| Down regulated | 330 [Solyc109g051070.1.1.2| Down regulated
201 Solyc09g008913.1.1.2 | Down regulated | 266 |Solyc12g049500.3.1.1| Down regulated| 331 |Solyc10g085700.1.1.2| Down regulated
202 Solyc09g098620.2.1.3 | Down regulated | 267 |Solyc12g057070.2.1.2| Down regulated | 332 [Solyc129013680.3.1.1 Down regulated
203 Solyc09g005500.3.1.1 | Down regulated | 268 |Solyc129g056460.3.1.2| Down regulated | 333 |Solyc129013730.3.1.1] Down regulated
204 Solyc09g014720.3.1.1 | Down regulated | 269 |Solyc12g056270.2.1.1| Down regulated| 334 |Solyc12g087930.1.1.1| Down regulated
205 Solyc06g068815.1.1.1 | Down regulated | 270 |Solyc12g055700.3.1.3| Down regulated | 335 |Solyc02g087860.3.1.2| Down regulated
206 Solyc09g074590.1.1.1 | Down regulated | 271 |Solyc12¢g089330.2.1.3| Down regulated | 336  |Solyc02g076630.1.1.1| Down regulated
207 Solyc09g072690.1.1.1 | Down regulated | 272 Solyc12g088940.3.1.1¢ Down regulated | 337 |Solyc03g116520.1.1.1| Down regulated
208 Solyc09g082760.3.1.2 | Down regulated | 273 |Solyc12g100030.2.1.1| Down regulated | 338 |Solyc04g063245.1.1.1| Down regulated
209 Solyc09g092310.1.1.1 | Down regulated | 274 |Solyc12g098540.2.1.9| Down regulated | 339 |Solyc049078370.3.1.3| Down regulated
210 Solyc09g092330.3.1.1 | Down regulated | 275 |Solyc12g096630.2.1.6| Down regulated| 340 |Solyc059011840.3.1.3| Down regulated
211 Solyc09g092600.3.1.1 | Down regulated | 276 |Solyc12g099870.3.1.1| Down regulated| 341 |Solyc059g005340.3.1.2] Down regulated
212 Solyc09g098425.1.1.1 | Down regulated | 277 |Solyc03g008015.1.1.2| Down regulated | 342 |Solyc059021580.3.1.3| Down regulated
213 Solyc10g009150.3.1.2 | Down regulated | 278 |Solyc05¢018403.1.1.1| Down regulated | 343  |Solyc069076020.3.1.1| Down regulated
214 Solyc10g008440.3.1.4 | Down regulated | 279 |Solyc08g006765.1.1.2| Down regulated | 344 [Solyc079150147.1.1.1| Down regulated
215 Solyc10g008270.3.1.2 | Down regulated | 280 |Solyc11g071580.2.1.2| Down regulated | 345 [Solyc079053340.2.1.2| Down regulated
216 Solyc10g008120.4.1.1 | Down regulated | 281 |Solyc01g099480.4.1.1| Down regulated | 346 [Solyc079g009070.4.1.1] Down regulated
217 Solyc10g006530.4.1.1 | Down regulated | 282 |Solyc03g110990.1.1.1| Down regulated | 347 |Solyc079g009080.4.1.1| Down regulated
218 Solyc10g005400.3.1.1 | Down regulated | 283 |Solyc09g065350.1.1.1| Down regulated | 348 |Solyc01g110770.2.1.3| Down regulated
219 Solyc05¢015790.2.1.1 | Down regulated | 284 |Solyc11g006150.1.1.2| Down regulated | 349 |Solyc089067330.1.1.1] Down regulated
220 Solyc10g009310.4.1.2 | Down regulated | 285 |Solyc01g110630.4.1.1| Down regulated | 350 |Solyc099097770.3.1.2| Down regulated
221 Solyc10g008710.3.1.2 | Down regulated | 286 |Solyc04g009120.3.1.1| Down regulated| 351 [Solyc03g007930.4.1.1] Down regulated
222 Solyc10g017960.2.1.1 | Down regulated | 287 |Solyc02g150128.1.1.1| Down regulated | 352 |Solyc09g072770.1.1.1| Down regulated
223 Solyc10g052550.1.1.1 | Down regulated | 288 |Solyc02g085770.4.1.4| Down regulated | 353 [Solyc059010530.3.1.1] Down regulated
224 Solyc10g044700.2.1.1 | Down regulated | 289 |Solyc01g009930.3.1.1| Down regulated| 354 |Solyc02g063400.3.1.1| Down regulated
225 Solyc10g044680.2.1.3 | Down regulated | 290 |Solyc02g068415.1.1.1| Down regulated | 355 |Solyc12g005540.1.1.1] Down regulated
226 Solyc10g076570.2.1.1 | Down regulated | 291 |Solyc01g014140.3.1.1| Down regulated | 356 |Solyc129005550.3.1.2| Down regulated
227 Solyc10g078720.2.1.7 | Down regulated | 292  |Solyc08g082380.1.1.1| Down regulated | 357  |Solyc02g067600.1.1.1] Down regulated
228 Solyc10g079110.2.1.1 | Down regulated | 293 |Solyc10g050510.1.1.1| Down regulated | 358 |Solyc07g009040.3.1.1] Down regulated
229 Solyc10g080690.2.1.1 | Down regulated | 294 |Solyc02g069300.1.1.1| Down regulated | 359 |Solyc01g108710.3.1.1] Down regulated
230 Solyc10g081570.3.1.1 | Down regulated | 295 |Solyc109g079300.2.1.5| Down regulated | 360 |Solyc079039343.1.1.4| Down regulated
231 Solyc10g083320.3.1.1 | Down regulated | 296 |Solyc10g079590.1.1.3| Down regulated| 361 |Solyc069g065073.1.1.1] Down regulated
232 Solyc10g083880.2.1.2 | Down regulated | 297 |Solyc10g080640.3.1.8| Down regulated | 362 |Solyc03g119670.3.1.4| Down regulated
233 Solyc10g083940.1.1.1 | Down regulated | 298 |Solyc10g085420.3.1.2| Down regulated | 363 |Solyc059053180.3.1.2| Down regulated
234 Solyc10g079630.1.1.2 | Down regulated | 299 |Solyc11g017130.2.1.3| Down regulated| 364 |Solyc079g044970.1.1.1| Down regulated
235 Solyc10g079790.1.1.2 | Down regulated | 300 |Solyc12g006600.3.1.1| Down regulated| 365 |Solyc11g073238.1.1.4| Down regulated
236 Solyc11g005270.1.1.1 | Down regulated | 301 |Solyc12g009730.3.1.1| Down regulated | 366 [Solyc119g005240.1.1.1] Down regulated
237 Solyc11g005280.1.1.1 | Down regulated | 302  |Solyc12g009780.1.1.3| Down regulated | 367 [Solyc01g097710.1.1.1] Down regulated
238 Solyc11g005630.1.1.1 | Down regulated | 303 |Solyc12g096620.1.1.1| Down regulated| 368 [Solyc11g072900.1.1.1] Down regulated
239 Solyc11g007220.2.1.1 | Down regulated | 304 |Solyc01g110000.3.1.1| Down regulated| 369 [Solyc01g110720.2.1.1] Down regulated
240 Solyc11g007250.2.1.1 | Down regulated | 305 |Solyc02¢g092460.3.1.5| Down regulated | 370 |Solyc019110930.1.1.1| Down regulated
241 Solyc11g007370.3.1.1 | Down regulated | 306 |Solyc02g086760.1.1.1| Down regulated| 371 [Solyc02g089700.4.1.3| Down regulated
242 Solyc11g007890.2.1.4 | Down regulated | 307 |Solyc02g085760.2.1.2| Down regulated | 372 |Solyc03g006230.1.1.1] Down regulated
243 Solyc11g010360.3.1.1 | Down regulated | 308 |Solyc02g084130.4.1.4| Down regulated | 373 |Solyc049011990.3.1.1] Down regulated
244 Solyc11g010440.3.1.1 | Down regulated | 309 |Solyc02g068670.3.1.5| Down regulated | 374 |Solyc04g053020.2.1.1| Down regulated
245 Solyc11g011630.3.1.1 | Down regulated | 310 |Solyc02g072220.1.1.1| Down regulated | 375 |Solyc04g078325.1.1.1| Down regulated
246 Solyc11g011640.1.1.1 | Down regulated | 311 |Solyc03g033860.1.1.1| Down regulated| 376 |Solyc049g079450.4.1.2| Down regulated
247 Solyc11g011660.1.1.1 | Down regulated | 312 |Solyc03g120800.4.1.1| Down regulated | 377 |Solyc049081720.2.1.1| Down regulated
248 Solyc11g011710.1.1.1 | Down regulated | 313 |Solyc03g114740.4.1.4| Down regulated| 378 |Solyc059055650.3.1.2] Down regulated
249 Solyc11g018800.3.1.1 | Down regulated | 314 |Solyc04g008470.3.1.2| Down regulated | 379 |Solyc059054470.3.1.3| Down regulated
250 Solyc11g005290.1.1.1 | Down regulated | 315 |Solyc04g074050.4.1.2| Down regulated | 380 |Solyc079052220.1.1.1| Down regulated
251 Solyc11g068620.2.1.1 | Down regulated | 316 |Solyc05g008910.3.1.2| Down regulated| 381 |Solyc08g069180.3.1.2| Down regulated
252 Solyc11g071740.2.1.1 | Down regulated | 317 |Solyc05g014000.4.1.4| Down regulated | 382 |Solyc08g079970.2.1.1] Down regulated
253 Solyc11g072980.1.1.1 | Down regulated | 318 |Solyc059g056520.4.1.1| Down regulated | 383 |Solyc089068130.1.1.1] Down regulated
254 Solyc11g067250.3.1.2 | Down regulated | 319 |Solyc06¢g009190.4.1.4| Down regulated | 384 |Solyc109g078170.3.1.1] Down regulated
255 Solyc12g006997.1.1.1 | Down regulated | 320 |Solyc01g073780.2.1.1| Down regulated| 385 [Solyc069g007910.4.1.2| Down regulated
256 Solyc12g007240.3.1.1 | Down regulated | 321 |Solyc06g048740.3.1.1| Down regulated | 386 |Solyc10g076260.2.1.1] Down regulated
257 Solyc129009800.3.1.1 | Down regulated | 322 |Solyc069048735.1.1.1| Down regulated | 387 |Solyc119g018774.1.1.1| Down regulated
258 Solyc12g013700.2.1.2 | Down regulated | 323 |Solyc08g007820.1.1.1| Down regulated | 388 |Solyc129g005520.1.1.1] Down regulated
259 Solyc12g013710.2.1.3 | Down regulated | 324 |Solyc08g036505.2.1.1| Down regulated | 389 [Solyc01g073840.1.1.1] Down regulated
260 Solyc12g017460.1.1.1 | Down regulated | 325 |Solyc08g067690.2.1.1| Down regulated| 390 [Solyc029067770.3.1.1] Down regulated
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S.No. id Status

391 Solyc02g072450.4.1.2 | Down regulated
392 Solyc00g500353.1.1.2 | Down regulated
393 Solyc049011820.1.1.1 | Down regulated
394 Solyc049079460.1.1.1 | Down regulated
395 Solyc049011960.2.1.1 | Down regulated
396 Solyc019079930.3.1.2 | Down regulated
397 Solyc05¢012430.1.1.2 | Down regulated
398 Solyc059018310.1.1.1 | Down regulated
399 Solyc079g006480.4.1.1 | Down regulated
400 Solyc079052790.3.1.4 | Down regulated
401 Solyc08g068140.4.1.1 | Down regulated
402 Solyc08g016270.3.1.1 | Down regulated
403 Solyc02g033030.3.1.1 | Down regulated
404 Solyc01g014320.4.1.1 | Down regulated
405 Solyc129009510.1.1.2 | Down regulated
406 Solyc12g009550.2.1.1 | Down regulated
407 Solyc019g067160.4.1.2 | Down regulated
408 Solyc12g009720.3.1.1 | Down regulated
409 Solyc049081790.3.1.4 | Down regulated
410 Solyc06g083480.4.1.3 | Down regulated
411 Solyc069007720.2.1.2 | Down regulated
412 Solyc099098385.1.1.2 | Down regulated
413 Solyc02g079240.1.1.1 | Down regulated

142




10.

11.

12.

13.

14.

References

MacDonald, G.K.; Bennett, E.M.; Potter, P.A.; Ramankutty, N. Agronomic phosphorus
imbalances across the world & croplands. Proceedings of the National Academy of
Sciences 2011, 108, 3086 — 3091, doi:10.1073/pnas.1010808108.

Anderson, G. Assessing Organic Phosphorus in Soils. In The Role of Phosphorus in
Agriculture; 2015, 89, 82-98, doi.org/10.1016/j.s0ilbi0.2015.06.026.

Alewell, C.; Ringeval, B.; Ballabio, C. Global phosphorus shortage will be aggravated
by soil erosion. nature.com; 2020, 11, 45-46, doi.org/10.1038/s41467-020-18326-7.

T., M.; C., C. du P.; J., H.B. Phosphorus management issues for crop production: A
review. African Journal of Agricultural Research 2021, 7, 939-952,
doi:10.5897/ajar2020.15205.

Kochian, L. V.; Hoekenga, O.A.; Pifieros, M.A. How do crop plants tolerate acid soils?
mechanisms of aluminum tolerance and phosphorous efficiency. Annual Review of Plant
Biology 2004, 55, 459-493, doi:10.1146/annurev.arplant.55.031903.141655.

McLaughlin, M.J.; McBeath, T.M.; Smernik, R.; Stacey, S.P.; Ajiboye, B.; Guppy, C.
The chemical nature of P accumulation in agricultural soils-implications for fertiliser
management and design: An Australian perspective. Plant and Soil 2011, 349, 69-87,
doi:10.1007/s11104-011-0907-7.

Theodorou, M.E.; Plaxton, W.C. Metabolic adaptations of plant respiration to nutritional
phosphate deprivation. Plant Physiology 1993, 101, 339-344,
doi.org/10.1104/pp.101.2.339.

Raghothama, K.G. Phosphate aquisition. Annual Review of Plant Physiology and Plant
Molecular Biology 1999, 50, 665-693, doi/10.1146/annurev.arplant.50.1.665.

Zhang, Z.; Liao, H.; Lucas, W.J. Molecular mechanisms underlying phosphate sensing,
signaling, and adaptation in plants. Journal of Integrative Plant Biology 2014, 56, 192-
220, doi.org/10.1111/jipb.12163.

Lynch, J.P. Root phenes for enhanced soil exploration and phosphorus acquisition:
Tools for future crops. Plant Physiology 2011, 156, 1041-1049,
doi:10.1104/pp.111.175414.

Heuer, S.; Gaxiola, R.; Schilling, R.; Herrera-Estrella, L.; Ldépez-Arredondo, D.;
Wissuwa, M.; Delhaize, E.; Rouached, H. Improving phosphorus use efficiency: a
complex trait with emerging opportunities. Plant Journal 2017, 90, 868-885,
doi:10.1111/tpj.13423.

Herrera-Estrella, L.; Lopez-Arredondo, D. Phosphorus: The Underrated Element for
Feeding the World. Trends in Plant Science 2016, 21, 461-463,
doi.org/10.1016/j.tplants.2016.04.010.

Richardson, A.E. Prospects for using soil microorganisms to improve the acquisition of
phosphorus by plants. In Proceedings of the Australian Journal of Plant Physiology;
2001, 28, 897-906, https://doi.org/10.1071/PP01093.

Haynes, R.J. Effects of liming on phosphate availability in acid soils - A critical review.
Plant and Soil 1982, 68, 289-308, doi.org/10.1007/BF02197935.

143




15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Wang, L.; Nancollas, G.H. Calcium orthophosphates: Crystallization and Dissolution.
Chemical Reviews 2008, 108, 4628-4669, doi:10.1021/cr0782574.

Hopkins, B.G. Phosphorus availability with alkaline / calcareous soil. Western Nutrient
Management Conference 2015, 6, 83-93.

Cordell, D.; Drangert, J.O.; White, S. The story of phosphorus: Global food security and
food for thought. Global Environmental Change 2009, 19, 292-305,
doi:10.1016/j.gloenvcha.2008.10.0009.

Gilbert, N. Environment: The disappearing nutrient. Nature 2009, 461, 8,
doi:10.1038/461716a.

Sattari, S.Z.; Bouwman, A.F.; Martinez Rodriguez, R.; Beusen, A.H.W.; Van Ittersum,
M.K. Negative global phosphorus budgets challenge sustainable intensification of
grasslands. Nature Communications 2016, 7, 10696, doi:10.1038/ncomms10696.

Ockenden, M.C.; Hollaway, M.J.; Beven, K.J.; Collins, A.L.; Evans, R.; Falloon, P.D.;
Forber, K.J.; Hiscock, K.M.; Kahana, R.; MacLeod, C.J.A.; et al. Major agricultural
changes required to mitigate phosphorus losses under climate change. Nature
Communications 2017, 8, 161, doi:10.1038/s41467-017-00232-0.

Chien, P.S.; Chiang, C.P.; Leong, S.J.; Chiou, T.J. Sensing and Signaling of Phosphate
Starvation: From Local to Long Distance. Plant and Cell Physiology 2018, 59, 1714-
1722, doi.org/10.1093/pcp/pcy148.

Ham, B.K.; Chen, J.; Yan, Y.; Lucas, W.J. Insights into plant phosphate sensing and
signaling. Current Opinion in Biotechnology 2018, 49, 1-9,
doi.org/10.1016/j.copbio.2017.07.005

Williamson, L.C. Phosphate Awvailability Regulates Root System Architecture in
Arabidopsis. Plant Physiology 2001, 126, 875-882, d0i:10.1104/pp.126.2.875.

Péret, B.; Desnos, T.; Jost, R.; Kanno, S.; Berkowitz, O.; Nussaume, L. Root architecture
responses: In search of phosphate. Plant Physiology 2014, 166, 1713-1723,
do0i:10.1104/pp.114.244541.

Svistoonoff, S.; Creff, A.; Reymond, M.; Sigoillot-Claude, C.; Ricaud, L.; Blanchet, A,;
Nussaume, L.; Desnos, T. Root tip contact with low-phosphate media reprograms plant
root architecture. Nature Genetics 2007, doi:10.1038/ng2041.

Bates, T.R.; Lynch, J.P. Stimulation of root hair elongation in Arabidopsis thaliana by
low phosphorus availability. Plant, Cell and Environment 1996, 39, 792-296,
doi:10.1111/j.1365-3040.1996.tb00386.x.

Ma, Z.; Bielenberg, D.G.; Brown, K.M.; Lynch, J.P. Regulation of root hair density by
phosphorus availability in Arabidopsis thaliana. Plant, Cell and Environment 2001, 24,
459-467, doi:10.1046/j.1365-3040.2001.00695.x.

Yan, X.; Liao, H.; Beebe, S.E.; Blair, M.W.; Lynch, J.P. QTL mapping of root hair and
acid exudation traits and their relationship to phosphorus uptake in common bean. Plant
and Soil 2004, 265, 17-29, doi:10.1007/s11104-005-0693-1.

Borch, K.; Bouma, T.J.; Lynch, J.P.; Brown, K.M. Ethylene: A regulator of root
architectural responses to soil phosphorus availability. Plant, Cell and Environment
1999, 22, 425-431, d0i:10.1046/j.1365-3040.1999.00405..x.

144




30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dinkelaker, B.; Hengeler, C.; Marschner, H. Distribution and function of proteoid roots
and other root clusters. Botanica Acta 1995, 108, 183-200, doi:10.1111/}.1438-
8677.1995.tb00850.x.

KIM, H.-J.; LYNCH, J.P.; BROWN, K.M. Ethylene insensitivity impedes a subset of
responses to phosphorus deficiency in tomato and petunia. Plant, Cell & Environment
2008, 31, 1744-1755, doi:10.1111/j.1365-3040.2008.01886.x.

Lambers, H.; Finnegan, P.M.; Laliberté, E.; Pearse, S.J.; Ryan, M.H.; Shane, M.W;
Veneklaas, E.J. Phosphorus nutrition of proteaceae in severely phosphorus-
impoverished soils: Are there lessons to be learned for future crops? Plant Physiology
2011, 156, 1058-1066, d0i:10.1104/pp.111.174318.

Lambers, H.; Ahmedi, I.; Berkowitz, O.; Dunne, C.; Finnegan, P.M.; Hardy, G.S.E.J.;
Jost, R.; Laliberté, E.; Pearse, S.J.; Teste, F.P. Phosphorus nutrition of phosphorus-
sensitive Australian native plants: Threats to plant communities in a global biodiversity
hotspot. Conservation Physiology 2013, 1, doi.org/10.1093/conphys/cot010.

Cheng, L.; Bucciarelli, B.; Shen, J.; Allan, D.; Vance, C.P. Update on white lupin cluster
root acclimation to phosphorus deficiency. Plant Physiology 2011, 156, 1025-1032,
doi:10.1104/pp.111.175174.

Skene, K.R.; James, W.M. A comparison of the effects of auxin on cluster root initiation
and development in Grevillea robusta Cunn. ex R. Br. (Proteaceae) and in the genus
Lupinus  (Leguminosae). Plant and  Soil 2000, 219, 221-229,
d0i:10.1023/a:1004730118886.

Rath, M.; Salas, J.; Parhy, B.; Norton, R.; Menakuru, H.; Sommerhalter, M.; Hatlstad,
G.; Kwon, J.; Allan, D.L.; Vance, C.P.; et al. Identification of genes induced in proteoid
roots of white lupin under nitrogen and phosphorus deprivation, with functional
characterization of a formamidase. Plant and Soil 2010, 334, 137-150,
doi:10.1007/s11104-010-0373-7.

Bonser, A.M.; Lynch, J.; Snapp, S. Effect of phosphorus deficiency on growth angle of
basal roots in Phaseolus vulgaris. New Phytologist 1996, 132, 281-288,
d0i:10.1111/j.1469-8137.1996.tb01847 .x.

Hodge, A.; Berta, G.; Doussan, C.; Merchan, F.; Crespi, M. Plant root growth,
architecture and function. Plant and Soil 2009, 321, 153-187, d0i:10.1007/s11104-009-
9929-9.

Giri, J.; Bhosale, R.; Huang, G.; Pandey, B.K.; Parker, H.; Zappala, S.; Yang, J.; Dievart,
A.; Bureau, C.; Ljung, K.; et al. Rice auxin influx carrier OsAUX1 facilitates root hair
elongation in response to low external phosphate. Nature Communications 2018, 9, 1-
7, d0i:10.1038/s41467-018-03850-4.

Niu, Y.F.; Chai, R.S,; Jin, G.L.; Wang, H.; Tang, C.X.; Zhang, Y.S. Responses of root
architecture development to low phosphorus availability: A review. Annals of Botany
2013, 112, 391408, d0i:10.1093/aob/mcs285.

van de Wiel, C.C.M.; van der Linden, C.G.; Scholten, O.E. Improving phosphorus use
efficiency in agriculture: opportunities for breeding. Euphytica 2016, 207, 1-22,
doi:10.1007/s10681-015-1572-3.

Camacho-Cristébal, J.J.; Rexach, J.; Conéjéro, G.; Al-Ghazi, Y.; Nacry, P.; Doumas, P.

145




43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

PRD, an Arabidopsis AINTEGUMENTA-like gene, is involved in root architectural
changes in response to phosphate starvation. Planta 2008, 228, 511-522,
d0i:10.1007/s00425-008-0754-9.

Devaiah, B.N.; Karthikeyan, A.S.; Raghothama, K.G. WRKY75 transcription factor is
a modulator of phosphate acquisition and root development in Arabidopsis. Plant
Physiology 2007, 143, 1789-1801, doi:10.1104/pp.106.093971.

Singh, B.; Pandey, R. Differences in root exudation among phosphorus-starved
genotypes of maize and green gram and its relationship with phosphorus uptake. Journal
of Plant Nutrition 2003, 26, 2391-2401, doi:10.1081/PLN-120025467.

Dlssanayaka, D.M.S.B.; Ghahremani, M.; Siebers, M.; Wasaki, J.; Plaxton, W.C. Recent
insights into the metabolic adaptations of phosphorus-deprived plants. Journal of
Experimental Botany 2021, 72, 199-223, doi:10.1093/jxb/eraa482.

Hinsinger, P. Bioavailability of soil inorganic P in the rhizosphere as affected by root-
induced chemical changes: A review. In Proceedings of the Plant and Soil; 2001, 237,
173-195, doi.org/10.1023/A:1013351617532

Shen, J.; Yuan, L.; Zhang, J.; Li, H.; Bai, Z.; Chen, X.; Zhang, W.; Zhang, F. Phosphorus
Dynamics: From Soil to Plant. Plant Physiology 2011, 156, 997-1005,
doi:10.1104/pp.111.175232.

Baldwin, J.C.; Karthikeyan, A.S.; Cao, A.; Raghothama, K.G. Biochemical and
molecular analysis of LePS2;1: a phosphate starvation induced protein phosphatase gene
from tomato. Planta 2008, 228, 273-280, doi:10.1007/s00425-008-0736-y.

Del Vecchio, H.A.; Ying, S.; Park, J.; Knowles, V.L.; Kanno, S.; Tanoi, K.; She, Y.M,;
Plaxton, W.C. The cell wall-targeted purple acid phosphatase AtPAP25 is critical for
acclimation of Arabidopsis thaliana to nutritional phosphorus deprivation. Plant Journal
2014, 156, 997-1005, doi:10.1111/tpj.12663.

Gao, W.; Lu, L.; Qiu, W.; Wang, C.; Shou, H. OsPAP26 encodes a major purple acid
phosphatase and regulates phosphate remobilization in rice. Plant and Cell Physiology
2017, 58, 885-892, d0i:10.1093/pcp/pcx041.

Mehra, P.; Pandey, B.K.; Giri, J. Improvement in phosphate acquisition and utilization
by a secretory purple acid phosphatase (OsPAP21b) in rice. Plant Biotechnology
Journal 2017, 15, 1054-1067, doi:10.1111/pbi.12699.

Srivastava, R.; Akash; Parida, A.P.; Chauhan, P.K.; Kumar, R. Identification, structure
analysis, and transcript profiling of purple acid phosphatases under Pi deficiency in
tomato (Solanum lycopersicum) and its wild relatives. International Journal of
Biological Macromolecules 2020, doi:10.1016/j.ijbiomac.2020.10.080.

Olczak, M.; Morawiecka, B.; W'torek, W. Plant purple acid phosphatases-genes,
structures and biological function; Acta Biochimica Polonica 2003, 50, 1245-1256,
doi.org/10.18388/abp.2003_3648.

Duff, S.M.G.; Sarath, G.; Plaxton, W.C. The role of acid phosphatases in plant
phosphorus  metabolism.  Physiologia  Plantarum 1994, 90, 791-800,
https://doi.org/10.1111/j.1399-3054.1994.th02539.x

Schenk, G.; Miti¢, N.; Hanson, G.; Chemistry, P.C.-C. Purple acid phosphatase: A
journey into the function and mechanism of a colorful enzyme. Coordination chemistry

146




56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

reviews 2013, 257, 473-482, doi.org/10.1016/j.ccr.2012.03.020.

Miller, S.S.; Liu, J.; Allan, D.L.; Menzhuber, C.J.; Fedorova, M.; Vance, C.P. Molecular
control of acid phosphatase secretion into the rhizosphere of proteoid roots from
phosphorus-stressed white lupin. Am Soc Plant Biol 2001, 127, 594-606
doi:10.1104/pp.010097.

Bhadouria, J.; Singh, A.P.; Mehra, P.; Verma, L.; Srivastawa, R.; Parida, S.K.; Giri, J.
Identification of purple acid phosphatases in chickpea and potential roles of CaPAP7 in
seed phytate accumulation. Scientific Reports 2017, 7, 1-12, doi:10.1038/s41598-017-
11490-9.

Schenk, G.; Ge, Y.; Carrington, L.E.; Wynne, C.J.; Searle, I.R.; Carroll, B.J.; Hamilton,
S.; De Jersey, J. Binuclear metal centers in plant purple acid phosphatases: Fe-Mn in
Sweet potato and Fe-Zn in Soybean. Archives of Biochemistry and Biophysics 1999, 1;
1999; doi.org/10.1006/abbi.1999.1407

Twitchett, M.B.; Schenk, G.; Aquino, M.A.S.; Yiu, D.T.Y.; Lau, T.C.; Sykes, A.G.
Reactivity of MII metal-substituted derivatives of pig purple acid phosphatase
(uteroferrin)  with phosphate. Inorganic Chemistry 2002, 41, 5787-5794,
doi:10.1021/ic020037f.

Bernhardt, P. V.; Schenk, G.; Wilson, G.J. Direct electrochemistry of porcine purple
acid phosphatase (uteroferrin).  Biochemistry 2004, 43, 10387-10394,
d0i:10.1021/bi0490338.

Miti¢, N.; Hadler, K.S.; Gahan, L.R.; Hengge, A.C.; Schenk, G. The divalent metal ion
in the active site of uteroferrin modulates substrate binding and catalysis. Journal of the
American Chemical Society 2010, 132, 7049-7054, doi:10.1021/ja910583y.

Miti¢, N.; Noble, C.J.; Gahan, L.R.; Hanson, G.R.; Schenk, G. Metal-ion mutagenesis:
Conversion of a purple acid phosphatase from sweet potato to a neutral phosphatase with
the formation of an unprecedented catalytically competent MnlIMnll active site.
Journal of the American Chemical Society 2009, 131, 8173-8179,
doi:10.1021/ja900797u.

Li, D.; Zhu, H.; Liu, K.; Liu, X.; Leggewie, G.; Udvardi, M.; Wang, D. Purple acid
phosphatases of Arabidopsis thaliana comparative analysis and differential regulation
by phosphate deprivation*. Journal of Biological chemistry 2002, 277, 27772-27781,
d0i:10.1074/jbc.M204183200.

Venkidasamy, B.; Selvaraj, D.; of, S.R.-l. Genome-wide analysis of purple acid
phosphatase (PAP) family proteins in Jatropha curcas L. International Journal of
Biological Macromolecule 2019, 123, 648-656, doi.org/10.1016/j.ijbiomac.2018.11.027

Zhang, Q.; Wang, C.; Tian, J.; Li, K.; Shou, H. Identification of rice purple acid
phosphatases related to posphate starvation signalling. Plant Biology 2011, 13, 7-15,
doi:10.1111/j.1438-8677.2010.00346.x.

Li, C.; Gui, S.; Yang, T.; Walk, T.; Wang, X.; Liao, H. Identification of soybean purple
acid phosphatase genes and their expression responses to phosphorus availability and
symbiosis. Annals of Botany 2012, 109, 275-285, doi:10.1093/aob/mcr246.

Yin, C.; Wang, F.; Fan, H.; Fang, Y.; Li, W. Identification of tea plant purple acid
phosphatase genes and their expression responses to excess iron. International Journal

147




68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

of Molecular Sciences Article 2019, 20, 1954, doi:10.3390/ijms20081954.

Feder, D.; McGeary, R.P.; Miti¢, N.; Lonhienne, T.; Furtado, A.; Schulz, B.L.; Henry,
R.J.; Schmidt, S.; Guddat, L.W.; Schenk, G. Structural elements that modulate the
substrate specificity of plant purple acid phosphatases: Avenues for improved
phosphorus acquisition in crops. Plant Science 2020, 294, 110445,
doi:10.1016/j.plantsci.2020.110445.

Schenk, G.; Guddat, L.W.; Ge, Y.; Carrington, L.E.; Hume, D.A.; Hamilton, S.; De
Jersey, J. Identification of mammalian-like purple acid phosphatases in a wide range of
plants. Gene 2000, 250, 117-125, doi:10.1016/S0378-1119(00)00186-4.

Flanagan, J.U.; Cassady, A.l.; Schenk, G.; Guddat, L.W.; Hume, D.A. Identification and
molecular modeling of a novel, plant-like, human purple acid phosphatase. Gene 2006,
317, 12-20, doi:10.1016/j.gene.2006.02.031.

Del Pozo, J.C.; Allona, I.; Rubio, V.; Leyva, A.; De La Pefia, A.; Aragoncillo, C.; Paz-
Ares, J. A type 5 acid phosphatase gene from Arabidopsis thaliana is induced by
phosphate starvation and by some other types of phosphate mobilising/oxidative stress
conditions. Plant Journal 1999, 19, 579-589, doi:10.1046/j.1365-313X.1999.00562.x.

Liao, H.; Wong, F.; Phang, T.; Cheung, M.; Gene, W.L. GmPAP3, a novel purple acid
phosphatase-like gene in soybean induced by NaCl stress but not phosphorus deficiency.
Gene 2013, 318, 103-11, doi.org/10.1016/S0378-1119(03)00764-9.

Zhang, W.; Gruszewski, H.A.; Chevone, B.1.; Nessler, C.L. An Arabidopsis Purple Acid
Phosphatase with Phytase Activity Increases Foliar Ascorbate 1 [OA]. Plant Physiology
2008, 146, 431440, d0i:10.1104/pp.107.109934.

Zhu, H.; Qian, W.; Lu, X.; Li, D.; Liu, X.; Liu, K.; Wang, D. Expression patterns of
purple acid phosphatase genes in Arabidopsis organs and functional analysis of
AtPAP23 predominantly transcribed in flower. Plant Molecular Biology 2005, 59, 581,
d0i:10.1007/s11103-005-0183-0.

Kaida, R.; Kaku, T.; Baba, K.; Oyadomari, M.; plant, T.W.-M. Loosening xyloglucan
accelerates the enzymatic degradation of cellulose in wood. Molecular plant 2009, 2,
904-909, doi.org/10.1093/mp/ssp060.

Kaida, R.; Satoh, Y.; Bulone, V.; Yamada, Y.; Kaku, T.; Hayashi, T.; Kaneko, T.S.
Activation of b-glucan synthases by wall-bound purple acid phosphatase in Tobacco
cells 1[W][OA]. Plant Physiology 2009, 150, 1822-1830, do0i:10.1104/pp.109.139287.

Kaida, R.; Serada, S.; Norioka, N.; Norioka, S.; Neumetzler, L.; Pauly, M.; Sampedro,
J.; Zarra, 1.; Hayashi, T.; Kaneko, T.S. potential role for purple acid phosphatase in the
dephosphorylation of wall proteins in Tobacco cells. Plant Physiology 2010, 153, 603—
610, d0i:10.1104/pp.110.154138.

Ravichandran, S.; Stone, S.L.; Benkel, B.; Prithiviraj, B. Purple Acid Phosphatase5 is
required for maintaining basal resistance against Pseudomonas syringae in Arabidopsis.
BMC Plant Biology 2013, 13, 1-12, d0i:10.1186/1471-2229-13-107.

Roussis, A.; Flemetakis, E.; ... M.D.-P.P. Nodulin PvNOD33, a putative phosphatase
whose expression is induced during Phaseolus vulgaris nodule development. Plant
Physiology and Biochemistry 2003, 41, 719-725, doi.org/10.1016/S0981-
9428(03)00096-2

148




80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Oddie, G.W.; Schenk, G.; Angel, N.Z.; Walsh, N.; Guddat, L.W.; De, J.; Cassady, A.l.;
Hamilton, S.E.; Hume, D.A. Structure, function, and regulation of tartrate-resistant acid
phosphatase introduction: biochemistry of tartrate-resistant acid phosphatase. Bones
2000, 27, 575-584, doi.org/10.1016/S8756-3282(00)00368-9.

Liang, C.; Tian, J.; Lam, H.-M.; Lim, B.L.; Yan, X.; Liao, H. Biochemical and
Molecular characterization of PvPAP3, a novel purple acid phosphatase isolated from
common bean enhancing extracellular ATP utilization. Plant Physiology 2010, 152,
854-865, d0i:10.1104/pp.109.147918.

Miti¢, N.; Valizadeh, M.; Leung, E-W.W.; De Jersey, J.; Hamilton, S.; Hume, D.A_;
Cassady, A.l.; Schenk, G. Human tartrate-resistant acid phosphatase becomes an
effective ATPase upon proteolytic activation. Archives of Biochemistry and Biophysics
2005, 439, 154-164, doi:10.1016/j.abb.2005.05.013.

Selleck, C.; Clayton, D.; Gahan, L.R.; Miti¢, N.; McGeary, R.P.; Pedroso, M.M;
Guddat, L.W.; Schenk, G. Visualization of the reaction trajectory and transition state in
a hydrolytic reaction catalyzed by a metalloenzyme. Chemistry - A European Journal
2017, 23, 4778-4781, doi:10.1002/chem.201700866.

Feder, D.; Gahan, L.R.; McGeary, R.P.; Guddat, L.W.; Schenk, G. The binding mode
of an adp analogue to a metallohydrolase mimics the likely transition state.
ChemBioChem 2019, 20, 1536-1540, doi:10.1002/chic.201900077.

Cashikar, A.G.; Kumaresan, R.; Madhusudhana Rao, N. Biochemical characterization
and subcellular localization of the red kidney bean purple acid phosphatase. Plant
Physiology 1997, 114, 907-915 doi:10.1104/pp.114.3.907.

Wang, L.; Lu, S.; Zhang, Y.; Li, Z.; Du, X.; Liu, D. Comparative genetic analysis of
Arabidopsis purple acid phosphatases AtPAP10, AtPAP12, and AtPAP26 provides new
insights into their roles in plant adaptation to phosphate deprivation. Journal of
Integrative Plant Biology 2014, 56, 299-314, doi:10.1111/jipb.12184.

Wang, L.; Lu, S.; Zhang, Y.; Li, Z.; Du, X.; Liu, D. Comparative genetic analysis of
Arabidopsis purple acid phosphatases AtPAP10, AtPAP12, and AtPAP26 provides new
insights into their roles in plant adaptation to phosphate deprivation. Journal of
Integrative Plant Biology 2014, 56, 299-314, doi:10.1111/jipb.12184.

Wang, X.; Wang, Y.; Tian, J.; Lim, B.L.; Yan, X.; Liao, H. Overexpressing AtPAP15
enhances phosphorus efficiency in soybean. Plant Physiology 2009, 151, 233-240,
doi:10.1104/pp.109.138891.

Gao, W.; Lu, L.; Qiu, W.; Physiology, C.W.-P. and C.; OsPAP26 Encodes a Major
Purple acid phosphatase and regulates phosphate remobilization in rice. Plant and Cell
Physiology 2017, 58, 885-892, doi.org/10.1093/pcp/pcx041.

Plaxton, W.C.; Tran, H.T. Metabolic adaptations of phosphate-starved plants. Plant
physiology 2011, 156, 1006-1015, d0i:10.1104/PP.111.175281.

Cruz-Ramirez, A.; Oropeza-Aburto, A.; Razo-Hernandez, F.; Ramirez-Chavez, E.;
Herrera-Estrella, L. Phospholipase DZ2 plays an important role in extraplastidic
galactolipid biosynthesis and phosphate recycling in Arabidopsis roots. Proceedings of
the National Academy of Sciences of the United States of America 2006, 103, 6765-
6770, doi:10.1073/pnas.0600863103.

149




92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Plaxton, W.C.; Tran, H.T. Metabolic adaptations of phosphate-starved plants. Plant
Physiology 2011, 156, 1006-1115, doi:10.1104/pp.111.175281.

Sieger, S.M.; Kristensen, B.K.; Robson, C.A.; Amirsadeghi, S.; Eng, E.W.Y.; Abdel-
Mesih, A.; Mgller, 1.M.; Vanlerberghe, G.C. The role of alternative oxidase in
modulating carbon use efficiency and growth during macronutrient stress in tobacco
cells. Journal of Experimental Botany 2005, 416, 1499-1515, doi:10.1093/jxb/eri146.

Plaxton, W.C.; Podestd, F.E. The functional organization and control of plant
respiration.  Critical Reviews in Plant Sciences 2006, 25, 159-198,
doi.org/10.1080/07352680600563876.

Hammond, J.P.; White, P.J. Sucrose transport in the phloem: Integrating root responses
to phosphorus starvation. In Proceedings of the Journal of Experimental Botany 2008,
59, 93-109, https://doi.org/10.1093/jxb/erm221.

Ciereszko, 1.; Johansson, H.; Kleczkowski, L.A. Interactive effects of phosphate
deficiency, sucrose and light/dark conditions on gene expression of UDP-glucose
pyrophosphorylase in Arabidopsis. Journal of Plant Physiology 2005, 162, 343-353,
d0i:10.1016/j.jplph.2004.08.003.

Zakhleniuk, O. V.; Raines, C.A.; Lloyd, J.C. pho 3: A phosphorus-deficient mutant of
Arabidopsis  thaliana  (L.) Heynh. Planta 2001, 212, 529-534,
d0i:10.1007/s004250000450.

Karthikeyan, A.S.; Varadarajan, D.K.; Jain, A.; Held, M.A.; Carpita, N.C.; Raghothama,
K.G. Phosphate starvation responses are mediated by sugar signaling in Arabidopsis.
Planta 2007, 225, 907-918, doi:10.1007/s00425-006-0408-8.

Akash; Parida, A.P.; Srivastava, A.; Mathur, S.; Sharma, A.K.; Kumar, R. Identification,
evolutionary profiling, and expression analysis of F-box superfamily genes under
phosphate deficiency in tomato. Plant Physiology and Biochemistry 2021, 162, 349-
362, doi:https://doi.org/10.1016/j.plaphy.2021.03.002.

Srivastava, R.; Basu, S.; Kumar, R. Phosphorus starvation response dynamics and
management in plants for sustainable agriculture. Journal of Plant Biochemistry and
Biotechnology 2021, 30, 829-847, d0i:10.1007/s13562-021-00715-8.

Khurana, A.; Akash; Roychowdhury, A. Identification of phosphorus starvation
inducible SnRK genes in tomato (Solanum lycopersicum L.). Journal of Plant
Biochemistry and Biotechnology 2021, 30, 987-998, d0i:10.1007/s13562-021-00701-0.

Nakamura, Y. Phosphate starvation and membrane lipid remodeling in seed plants.
Progress in Lipid Research 2013, 52, 43-50, doi.org/10.1016/j.plipres.2012.07.002.

Okazaki, Y.; Otsuki, H.; Narisawa, T.; Kobayashi, M.; Sawai, S.; Kamide, Y.; Kusano,
M.; Aoki, T.; Hirai, M.Y.; Saito, K. A new class of plant lipid is essential for protection
against phosphorus depletion. Nature Communications 2013, 4, 1510,
doi:10.1038/ncomms2512.

Pant, B.; Burgos, A.; ... P.P.-J. The transcription factor PHR1 regulates lipid remodeling
and triacylglycerol accumulation in Arabidopsis thaliana during phosphorus starvation.
Journal of Experimental Botany 2015, 66, 1907, doi.org/10.1093/jxb/eru535.

Lopez-Arredondo, D.L.; Herrera-Estrella, L. Engineering phosphorus metabolism in
plants to produce a dual fertilization and weed control system. Nature Biotechnology

150




106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

2012, 30, 889-893, doi:10.1038/nbt.2346.

Loera-Quezada, M.M.; Leyva-Gonzalez, M.A.; Veldzquez-Juarez, G.; Sanchez-
Calderdn, L.; Do Nascimento, M.; Lopez-Arredondo, D.; Herrera-Estrella, L. A novel
genetic engineering platform for the effective management of biological contaminants
for the production of microalgae. Plant Biotechnology Journal 2016, 14, 2066-2076,
d0i:10.1111/pbi.12564.

Thao, H.T.B.; Yamakawa, T. Phosphite (phosphorous acid): Fungicide, fertilizer or bio-
stimulator? Soil Science and Plant Nutrition 2009, 55, 228-234, doi.org/10.1111/j.1747-
0765.2009.00365.x

Manna, M.; Achary, V.M.M.; Islam, T.; Agrawal, P.K.; Reddy, M.K. The development
of a phosphite-mediated fertilization and weed control system for rice. Scientific Reports
2016, 6, 24941, doi:10.1038/srep24941.

Egle, L.; Rechberger, H.; Krampe, J.; Zessner, M. Phosphorus recovery from municipal
wastewater: An integrated comparative technological, environmental and economic
assessment of P recovery technologies. Science of the Total Environment 2016, 571,
522-542, doi:10.1016/j.scitotenv.2016.07.019.

Zobholi, O.; Laner, D.; Zessner, M.; Rechberger, H. Added values of time series in
material flow analysis: The austrian phosphorus budget from 1990 to 2011. Journal of
Industrial Ecology 2016, 20, 1334-1348, doi:10.1111/jiec.12381.

Syers, J.K. (John K.; Johnston, A.E.; Curtin, D.; Nations., F. and A.O.U. Efficiency of
soil and fertilizer phosphorus use : reconciling changing concepts of soil phosphorus
behaviour with agronomic information; Food and agriculture organization of the united
nations, Experimental Agriculture 2008, 45, 128, doi:10.1017/S0014479708007138.

Lynch, J.P. Roots of the second green revolution. Australian Journal of Botany 2007,
55, 493-512, d0i:10.1071/bt06118.

Rose, T.; agronomy, M.W.-A. Rethinking internal phosphorus utilization efficiency: a
new approach is needed to improve PUE in grain crops. Advances in Agronomy 2012,
116, 185-217, doi.org/10.1016/B978-0-12-394277-7.00005-1.

Veneklaas, E.J.; Lambers, H.; Bragg, J.; Finnegan, P.M.; Lovelock, C.E.; Plaxton, W.C.;
Price, C.A.; Scheible, W.R.; Shane, M.W.; White, P.J.; et al. Opportunities for
improving phosphorus-use efficiency in crop plants. New Phytologist 2012, 195, 306—
320, doi.org/10.1111/j.1469-8137.2012.04190.x.

Ganie, A.H.; Ahmad, A.; Pandey, R.; Aref, I.M.; Yousuf, P.Y.; Ahmad, S.; Igbal, M.
Metabolite profiling of low-P tolerant and low-P sensitive maize genotypes under
phosphorus starvation and restoration conditions. PLoS ONE 2015, 10, e0129520
doi:10.1371/journal.pone.0129520.

Richardson, A.E.; Lynch, J.P.; Ryan, P.R.; Delhaize, E.; Smith, F.A.; Smith, S.E.;
Harvey, P.R.; Ryan, M.H.; Veneklaas, E.J.; Lambers, H.; et al. Plant and microbial
strategies to improve the phosphorus efficiency of agriculture. Plant and Soil 2011, 349,
121-156, doi:10.1007/s11104-011-0950-4.

Lyu, Y.; Tang, H.; Li, H.; Zhang, F.; Rengel, Z.; Whalley, W.R.; Shen, J. Major crop
species show differential balance between root morphological and physiological
responses to variable phosphorus supply. Frontiers in Plant Science 2016, 7, 1939,

151




118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

d0i:10.3389/fpls.2016.01939.

Wen, Z.; Li, H.; Shen, Q.; Tang, X.; Xiong, C.; Li, H.; Pang, J.; Ryan, M.H.; Lambers,
H.; Shen, J. Tradeoffs among root morphology, exudation and mycorrhizal symbioses
for phosphorus-acquisition strategies of 16 crop species. New Phytologist 2019, 223,
882-895, d0i:10.1111/nph.15833.

Pearse, S.J.; Veneklaas, E.J.; Cawthray, G.; Bolland, M.D.A.; Lambers, H. Carboxylate
composition of root exudates does not relate consistently to a crop species’ ability to use
phosphorus from aluminium, iron or calcium phosphate sources. New Phytologist
2007,173, 181-190, doi:10.1111/j.1469-8137.2006.01897 .x.

Jin, T.; Chang, Q.; Li, W.; Yin, D.; Li, Z.; Wang, D.; Liu, B.; Liu, L. Stress-inducible
expression of GmMDREB1 conferred salt tolerance in transgenic alfalfa. Plant Cell, Tissue
and Organ Culture 2010, 100, 219-227, doi:10.1007/s11240-009-9628-5.

Zhang, Y.; Sun, F.; Fettke, J.; Schottler, M.A.; Ramsden, L.; Fernie, A.R.; Lim, B.L.
Heterologous expression of AtPAP2 in transgenic potato influences carbon metabolism
and  tuber  development. FEBS  Letters 2014, 588, 3726-3731,
doi:10.1016/j.febslet.2014.08.019.

Lynch, J.M.; Whipps, J.M. Substrate flow in the rhizosphere. Plant and Soil 1990,
doi:10.1007/BF00011685.

Nguyen, C. Rhizodeposition of organic C by plant: Mechanisms and controls. In
Sustainable Agriculture 2009, 129, 1-10, doi.org/10.1007/978-90-481-2666-8_9.

Rees, R.M.; Bingham, 1.J.; Baddeley, J.A.; Watson, C.A. The role of plants and land
management in sequestering soil carbon in temperate arable and grassland ecosystems.
In Proceedings of the Geoderma 2005, 128, 130-154,
doi.org/10.1016/j.geoderma.2004.12.020

Gardner, W.K.; Barber, D.A.; Parbery, D.G. The acquisition of phosphorus by Lupinus
albus L. - I11. The probable mechanism by which phosphorus movement in the soil/root
interface is enhanced. Plant and Soil 1983, 70, 107-124, doi:10.1007/BF02374754.

Dinkelaker, B.; Rémheld, V.; Marschner, H. Citric acid excretion and precipitation of
calcium citrate in the rhizosphere of white lupin (Lupinus albus L.). Plant, Cell &
Environment 1989, 12, 285-292, doi:10.1111/j.1365-3040.1989.tb01942.x.

Canarini, A.; Kaiser, C.; Merchant, A.; Richter, A.; Wanek, W. Root exudation of
primary metabolites: Mechanisms and their roles in plant responses to environmental
stimuli. Frontiers in Plant Science 2019, 10, 157, doi.org/10.3389/fpls.2019.00157.

Kirk, G.J.D.; Santos, E.E.; Findenegg, G.R. Phosphate solubilization by organic anion
excretion from rice (Oryza sativa L.) growing in aerobic soil. Plant and Soil 1999, 142,
185-200, doi:10.1023/A:1004539212083.

Rychter, A.M.; Chauveau, M.; Bomsel, J. -L; Lance, C. The effect of phosphate
deficiency on mitochondrial activity and adenylate levels in bean roots. Physiologia
Plantarum 1992, 84, 80-86, doi:10.1111/j.1399-3054.1992.th08768.x.

Miller, C.R.; Ochoa, I.; Nielsen, K.L.; Beck, D.; Lynch, J.P. Genetic variation for
adventitious rooting in response to low phosphorus availability: Potential utility for
phosphorus acquisition from stratified soils. Functional Plant Biology 2003, 30, 973-
985, d0i:10.1071/FP03078.

152




131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Akhtar, M.S.; OKki, Y.; Adachi, T. Intraspecific variations of phosphorus absorption and
remobilization, P forms, and their internal buffering in Brassica cultivars exposed to a
P-stressed environment. Journal of Integrative Plant Biology 2008, 50, 703-716,
doi:10.1111/j.1744-7909.2008.00675.X.

White, P.J.; Veneklaas, E.J. Nature and nurture: The importance of seed phosphorus
content. Plant and Soil 2012, 357, 1-8, d0i:10.1007/s11104-012-1128-4.

Singh, N.; Sarma, S.; Rao, T.; H.P.-N. Cryo-milled nano-DAP for enhanced growth of
monocot and dicot plants. Nanoscale Advances 2021, 3, 4834-4842, doi:
10.1039/d1na00283;.

Tran, H.T.; Qian, W.; Hurley, B.A.; She, Y.M.; Wang, D.; Plaxton, W.C. Biochemical
and molecular characterization of AtPAP12 and AtPAP26: The predominant purple acid
phosphatase isozymes secreted by phosphate-starved Arabidopsis thaliana. Plant, Cell
and Environment 2010, 33, 1789-1803, doi:10.1111/j.1365-3040.2010.02184 x.

Tang, H.; Li, X.; Zu, C.; Zhang, F.; Shen, J. Spatial distribution and expression of
intracellular and extracellular acid phosphatases of cluster roots at different
developmental stages in white lupin. Journal of Plant Physiology 2013, 170, 1243-
1250, doi:10.1016/j.jplph.2013.04.015.

Robinson, W.D.; Carson, |.; Ying, S.; Ellis, K.; Plaxton, W.C. Eliminating the purple
acid phosphatase AtPAP26 in Arabidopsis thaliana delays leaf senescence and impairs
phosphorus  remobilization.  New  Phytologist 2012, 196, 1024-1029,
doi:10.1111/nph.12006.

Sulpice, R.; Flis, A.; lvakov, A.A.; Apelt, F.; Krohn, N.; Encke, B.; Abel, C.; Feil, R;
Lunn, J.E.; Stitt, M. Arabidopsis coordinates the diurnal regulation of carbon allocation
and growth across a wide range of Photoperiods. Molecular Plant 2014, 7, 137-155,
doi:10.1093/mp/sst127.

Havlin, J.; Beaton, J.; Tisdale, S.; Nelson, W. Soil fertility and fertilizers: An
introduction to nutrient management. Pretice Hall New Jersey 2005.

Gyaneshwar, P.; Naresh Kumar, G.; Parekh, L.J.; Poole, P.S. Role of soil
microorganisms in improving P nutrition of plants. Plant and Soil 2002, 245, 83-93,
doi.org/10.1023/A:1020663916259.

Beauregard, M.S.; Hamel, C.; Atul-Nayyar; St-Arnaud, M. Long-term phosphorus
fertilization impacts soil fungal and bacterial diversity but not AM fungal community in
alfalfa. Microbial Ecology 2010, 59, 379-389, doi:10.1007/s00248-009-9583-z.

Chen, Q.; Liu, S. Identification and characterization of the phosphate-solubilizing
bacterium Pantoea sp. S32 in reclamation soil in Shanxi, China. Frontiers in
Microbiology 2019, 10, 1271, doi:10.3389/fmicb.2019.02171.

Bolan, N.S.; Currie, L.D.; Baskaran, S. Assessment of the influence of phosphate
fertilizers on the microbial activity of pasture soils. Biology and Fertility of Soils 1996,
21, 284-292, doi:10.1007/BF00334905.

Thirukkumaran, C.M.; Parkinson, D. Microbial activity, nutrient dynamics and litter
decomposition in a Canadian Rocky Mountain pine forest as affected by N and P
fertilizers. Forest Ecology and Management 2002, 159, 187-201, doi:10.1016/S0378-
1127(01)00432-7.

153




144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Kumar, A.; Prakash, A.; Johri, B.N. Bacillus as PGPR in Crop Ecosystem in Bacteria in
Agrobiology: Crop Productivity. Disease Management, Berlin Heidelberg: Springer-
Verlag 2013.

de Freitas, J.R.; Banerjee, M.R.; Germida, J.J. Phosphate-solubilizing rhizobacteria
enhance the growth and yield but not phosphorus uptake of canola (Brassica napus L.).
Biology and Fertility of Soils 1997, 24, 358-364, doi:10.1007/s003740050258.

Vazquez, P.; Holguin, G.; Puente, M.E.; Lopez-Cortes, A.; Bashan, Y. Phosphate-
solubilizing microorganisms associated with the rhizosphere of mangroves in a semiarid
coastal lagoon. Biology and Fertility of Soils 2000, 30, 460-468,
d0i:10.1007/s003740050024.

Yanni, Y.G.; Rizk, R.Y.; Abd El-Fattah, F.K.; Squartini, A.; Corich, V.; Giacomini, A.;
De Bruijn, F.; Rademaker, J.; Maya-Flores, J.; Ostrom, P.; et al. The beneficial plant
growth-promoting association of Rhizobium leguminosarum by. trifolii with rice roots.
Functional Plant Biology 2001, 28, 845-870, doi.org/10.1071/PP01069.

Rawat, P.; Shankhdhar, D.; Shankhdhar, S.C. Plant growth promoting potential and
biocontrol efficiency of phosphate solubilizing bacteria in rice (Oryza sativa L.).
International Journal of Current Microbiology and Applied Sciences 2020, 9, 2145-
2152, doi:10.20546/ijcmas.2020.909.267.

Science, R.K.-C.J. Phosphate-solubilizing bacteria and fungi in various cultivated and
virgin Alberta soils. Journal of Soil Science 1982, 63, 671-678, doi.org/10.4141/cjss83-
068.

Research, J.S.-A.J. of A. The incidence of apatite-solubilizing organisms in teh
rhizosphere and soil. Australian Journal of Agricultural Research 1958, 9, 778-781,
doi.org/10.1071/AR9580778.

Bolan, N.S.; Currie, L.D.; Baskaran, S. Assessment of the influence of phosphate
fertilizers on the microbial activity of pasture soils. Biology and Fertility of Soils 1996,
21, 284-292, d0i:10.1007/BF00334905.

Sawers, R.J.H.; Svane, S.F.; Quan, C.; Grgnlund, M.; Wozniak, B.; Gebreselassie, M.N.;
Gonzalez-Mufioz, E.; Chavez Montes, R.A.; Baxter, |.; Goudet, J. Phosphorus
acquisition efficiency in arbuscular mycorrhizal maize is correlated with the abundance
of root-external hyphae and the accumulation of transcripts encoding PHT1 phosphate
transporters. New Phytologist 2017, 214, 632-643, doi:10.1111/nph.14403.

Schachtman, D.P.; Reid, R.J.; Ayling, S.M.; S, D.B.D.P.; A, S.S.S.M. Phosphorus
uptake by plants : From soil to cell. Plant Physiology 1998, 116, 447-453, doi:10.1104/
pp.116.2.447.

Kucey, R.M.N. Phosphate-solubilizing bacteria and fungi in various cultivated and
virgin alberta soils. Canadian Journal of Soil Science 1983, 63, 671-678,
doi:10.4141/cjss83-068.

Tawaraya, K. Arbuscular mycorrhizal dependency of different plant species and
cultivars.  Soil ~ Science and Plant  Nutrition 2003, 49, 655-668,
doi:10.1080/00380768.2003.10410323.

Deguchi, S.; Uozumi, S.; Touno, E.; Kaneko, M.; Tawaraya, K. Arbuscular mycorrhizal
colonization increases phosphorus uptake and growth of corn in a white clover living

154




157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

mulch system. Soil Science and Plant Nutrition 2012, 58, 169-172,
doi:10.1080/00380768.2012.662697.

Fenice, M.; Selbman, L.; Federici, F.; Vassilev, N. Application of encapsulated
Penicillium variabile P16 in solubilization of rock phosphate. Bioresource Technology
2000, 73, 157-162, doi:10.1016/S0960-8524(99)00150-9.

Khan, M.S.; Zaidi, A.; Ahemad, M.; Oves, M.; Wani, P.A. Plant growth promotion by
phosphate solubilizing fungi - Current perspective. Archives of Agronomy and Soil
Science 2010, 56, 73-98, doi:10.1080/03650340902806469.

Reyes, I.; Bernier, L.; Antoun, H. Rock phosphate solubilization and colonization of
maize rhizosphere by wild and genetically modified strains of Penicillium rugulosum.
Microbial Ecology 2002, 44, 39-48, doi:10.1007/s00248-002-1001-8.

Altomare, C.; Norvell, W.A.; Bjérkman, T.; Harman, G.E. Solubilization of phosphates
and micronutrients by the plant-growth- promoting and biocontrol fungus Trichoderma
harzianum Rifai 1295-22. Applied and Environmental Microbiology 1999, 65, 2926-
2933, d0i:10.1128/aem.65.7.2926-2933.1999.

Jacobs, H.; Boswell, G.P.; Ritz, K.; Davidson, F.A.; Gadd, G.M. Solubilization of
calcium phosphate as a consequence of carbon translocation by Rhizoctonia solani.
FEMS Microbiology Ecology 2002, 40, 65-71, d0i:10.1016/S0168-6496(02)00202-7.

BAYLIS, G.T.S. Experiments on the ecological significance of phycomycetous
mycorrhizas. New  Phytologist 1967, 66, 231-243, do0i:10.1111/j.1469-
8137.1967.tb06001.x.

MOSSE, B.; HAYMAN, D.S.; ARNOLD, D.J. Plant growth responses to vesicular-
arbuscular mycorrhiza v. phosphate uptake by three plant species from P-deficient soils
labelled with 32P. New Phytologist 1973, 72, 809-815, do0i:10.1111/}.1469-
8137.1973.tb02056.x.

Johnson, N.C. Can fertilization of soil select less mutualistic mycorrhizae? Ecological
Applications 1993, 3, 749-757, doi:10.2307/1942106.

Van Geel, M.; De Beenhouwer, M.; Ceulemans, T.; Caes, K.; Ceustermans, A.;
Bylemans, D.; Gomand, A.; Lievens, B.; Honnay, O. Application of slow-release
phosphorus fertilizers increases arbuscular mycorrhizal fungal diversity in the roots of
apple trees. Plant and Soil 2016, 402, 291-301, doi:10.1007/s11104-015-2777-X.

Kobae, Y. Dynamic phosphate uptake in arbuscular mycorrhizal roots under field
conditions. Frontiers in Environmental Science 2019, 6, 159,
doi.org/10.3389/fenvs.2018.00159.

Chalasani, D.; Basu, A.; Pullabhotla, S.V.S.R.N.; Jorrin, B.; Neal, A.L.; Poole, P.S,;
Podile, A.R.; Tkacz, A. Poor competitiveness of bradyrhizobium in pigeon pea root
colonization in indian soils. mBio 2021, 12, e00423-21, doi:10.1128/mBi0.00423-21.

Deng, S.; Caddell, D.F.; Xu, G.; Dahlen, L.; Washington, L.; Yang, J.; Coleman-Derr,
D. Genome wide association study reveals plant loci controlling heritability of the
rhizosphere microbiome. ISME Journal 2021, 15, 3181-3194, doi:10.1038/s41396-021-
00993-z.

Kah, M.; Kookana, R.S.; Gogos, A.; Bucheli, T.D. A critical evaluation of
nanopesticides and nanofertilizers against their conventional analogues. Nature

155




170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Nanotechnology 2018, 13, 677-684, doi:10.1038/s41565-018-0131-1.

Kottegoda, N.; Sandaruwan, C.; Priyadarshana, G.; Siriwardhana, A.; Rathnayake, U.A.;
Berugoda Arachchige, D.M.; Kumarasinghe, A.R.; Dahanayake, D.; Karunaratne, V.;
Amaratunga, G.A.J. Urea-hydroxyapatite nanohybrids for slow release of nitrogen. ACS
Nano 2017, 11, 1214-1221, doi:10.1021/acsnano.6b07781.

Singh, N.R.R.; Sarma, S.S.; Rao, T.N.; Pant, H.; Srikanth, V.V.S.S.; Kumar, R. Cryo-
milled nano-DAP for enhanced growth of monocot and dicot plants. Nanoscale
Advances 2021, 3, 4834-4842, doi:10.1039/D1NA00283J.

Bonfante, P. The future has roots in the past: the ideas and scientists that shaped
mycorrhizal research. New Phytologist 2018. 220, 982-995, doi.org/10.1111/nph.15397.

Wang, B.; Qiu, Y.-L. Phylogenetic distribution and evolution of mycorrhizas in land
plants. Mycorrhiza 2006, 16, 299-363, doi:10.1007/s00572-005-0033-6.

Taylor, T.N.; Kerp, H.; Hass, H. Life history biology of early land plants: Deciphering
the gametophyte phase. Proceedings of the National Academy of Sciences of the United
States of America 2005, 102, 5892-5897, doi:10.1073/pnas.0501985102.

Boullard, B.; Botaniste, Y.L. Les champignons endophytes du Rhynia gwynne-
vaughanii K. et L. Le Botaniste 1971, 54, 49-89, http://pascal-
francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=GEODEBRGM7222784
8.

Karatygin, 1. V.; Snigirevskaya, N.S.; Demchenko, K.N. Species of the genus Glomites
as plant mycobionts in Early Devonian ecosystems. Paleontological Journal 2006, 40,
572-579, d0i:10.1134/S0031030106050121.

Strullu-Derrien, C.; Selosse, M.A.; Kenrick, P.; Martin, F.M. The origin and evolution
of mycorrhizal symbioses: from palaecomycology to phylogenomics. New Phytologist
2018, 220, 1012-1030, doi.org/10.1111/nph.15076.

Cosme, M.; Fernandez, I.; Van der Heijden, M.G.A.; Pieterse, C.M.J. Non-mycorrhizal
plants: the exceptions that prove the rule. Trends in Plant Science 2018, 23, 577-587,
doi.org/10.1016/j.tplants.2018.04.004.

Pringle, A.; Bever, J.D.; Gardes, M.; Parrent, J.L.; Rillig, M.C.; Klironomos, J.N.
Mycorrhizal symbioses and plant invasions. Annual Review of Ecology, Evolution, and
Systematics 2009, 40, 699-715, doi:10.1146/annurev.ecolsys.39.110707.173454.

Jiang, Y.; Wang, W.; Xie, Q.; Liu, N.; Liu, L.; Wang, D.; Zhang, X.; Yang, C.; Chen,
X.; Tang, D.; et al. Plants transfer lipids to sustain colonization by mutualistic
mycorrhizal and  parasitic ~ fungi.  Science 2017, 356, 1172-1175,
doi:10.1126/science.aam9970.

Kapoor, R.; Singh, N. Arbuscular mycorrhiza and reactive oxygen species. In
Arbuscular Mycorrhizas and Stress Tolerance of Plants 2017, 225-243,
doi.org/10.1007/978-981-10-4115-0_10.

Zou, Y.N.; Wu, Q.S.; Kuca, K. Unravelling the role of arbuscular mycorrhizal fungi in
mitigating the oxidative burst of plants under drought stress. Plant Biology 2021, 23, 50-
57, doi.org/10.1111/plb.13161.

Segal, L.M.; Wilson, R.A. Reactive oxygen species metabolism and plant-fungal

156




184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

interactions. Fungal Genetics and Biology 2018, 110, 1-9,
https://doi.org/10.1016/j.fgh.2017.12.003.

Li, T.; Hu, Y.J.; Hao, Z.P.; Li, H.; Wang, Y.S.; Chen, B.D. First cloning and
characterization of two functional aquaporin genes from an arbuscular mycorrhizal
fungus Glomus intraradices. New Phytologist 2013, 197, 617-630,
doi:10.1111/nph.12011.

Wu, Q.S.; Zou, Y.N.; He, X.H. Contributions of arbuscular mycorrhizal fungi to growth,
photosynthesis, root morphology and ionic balance of citrus seedlings under salt stress.
Acta Physiologiae Plantarum 2010, 32, 297-304, d0i:10.1007/s11738-009-0407-z.

Giri, B.; Kapoor, R.; Mukerji, K.G. Improved tolerance of Acacia nilotica to salt stress
by arbuscular mycorrhiza, Glomus fasciculatum may be partly related to elevated K/Na
ratios in root and shoot tissues. Microbial Ecology 2007, 54, 753-760,
d0i:10.1007/s00248-007-9239-9.

Daei, G.; Ardekani, M.R.; Rejali, F.; Teimuri, S.; Miransari, M. Alleviation of salinity
stress on wheat yield, yield components, and nutrient uptake using arbuscular
mycorrhizal fungi under field conditions. Journal of Plant Physiology 2009, 166, 617-
625, doi:10.1016/j.jplph.2008.09.013.

Wu, Q.S.; Zou, Y.N. Arbuscular mycorrhizal fungi and tolerance of drought stress in
plants. In Arbuscular Mycorrhizas and Stress Tolerance of Plants 2017, 25-41,
doi.org/10.1007/978-981-10-4115-0_2.

Hijikata, N.; Murase, M.; Tani, C.; Ohtomo, R.; Osaki, M.; Ezawa, T. Polyphosphate
has a central role in the rapid and massive accumulation of phosphorus in extraradical
mycelium of an arbuscular mycorrhizal fungus. New Phytologist 2010, 186, 285-289,
https://www.jstor.org/stable/27797549.

Akiyama, K.; Hayashi, H. Strigolactones: Chemical signals for fungal symbionts and
parasitic weeds in plant roots. Handbook of Environmental Chemistry, Volume 5: Water
Pollution 2006, 97, 925-931, doi:10.1093/aob/mcl063.

Genre, A.; Bonfante, P. Building a mycorrhizal cell: How to reach compatibility
between plants and arbuscular mycorrhizal fungi. Journal of Plant Interactions 2005, 1,
3-13, doi.org/10.1080/17429140500318986.

Smith, F.W.; Hawkesford, M.J.; Ealing, P.M.; Clarkson, D.T.; Vanden Berg, P.J,;
Belcher, A.R.; Warrilow, A.G.S. Regulation of expression of a cDNA from barley roots
encoding a high affinity sulphate transporter. Plant Journal 1997, 12, 875-884,
doi:10.1046/j.1365-313X.1997.12040875.X.

Harrison, M.J.; Ivanov, S. Exocytosis for endosymbiosis: membrane trafficking
pathways for development of symbiotic membrane compartments. Current Opinion in
Plant Biology 2017, 38, 101-108, doi.org/10.1016/j.pbi.2017.04.0109.

Roth, R.; Hillmer, S.; Funaya, C.; Chiapello, M.; Schumacher, K.; Lo Presti, L.;
Kahmann, R.; Paszkowski, U. Arbuscular cell invasion coincides with extracellular
vesicles and membrane tubules. Nature Plants 2019, 5, 204-211, doi:10.1038/s41477-
019-0365-4.

Alexander, T.; Toth, R.; Meier, R.; Weber, H.C. Dynamics of arbuscule development
and degeneration in onion, bean, and tomato with reference to vesicular—arbuscular

157




196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

mycorrhizae in grasses. Canadian Journal of Botany 1989, 67, 2505-2513,
d0i:10.1139/b89-320.

Balzergue, C.; Puech-Pageés, V.; Bécard, G.; Rochange, S.F. The regulation of
arbuscular mycorrhizal symbiosis by phosphate in pea involves early and systemic
signalling events. Journal of Experimental Botany 2011, 62, 1049-1060,
doi:10.1093/jxb/erg335.

Kramer-Walter, K.R.; Laughlin, D.C. Root nutrient concentration and biomass
allocation are more plastic than morphological traits in response to nutrient limitation.
Plant and Soil 2017, 416, 539-550, d0i:10.1007/s11104-017-3234-9.

Besserer, A.; Bécard, G.; Jauneau, A.; Roux, C.; Séjalon-Delmas, N. GR24, a synthetic
analog of strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal
fungus Gigaspora rosea by boosting its energy metabolism. Plant Physiology 2008, 148,
402-413, doi:10.1104/pp.108.121400.

Genre, A.; Chabaud, M.; Balzergue, C.; Puech-Pageés, V.; Novero, M.; Rey, T.; Fournier,
J.; Rochange, S.; Beécard, G.; Bonfante, P.; et al. Short-chain chitin oligomers from
arbuscular mycorrhizal fungi trigger nuclear Ca*? spiking in Medicago truncatula roots
and their production is enhanced by strigolactone. New Phytologist 2013, 1, 190-202,
d0i:10.1111/nph.12146.

Choi, J.; Lee, T.; Cho, J.; Servante, E.K.; Pucker, B.; Summers, W.; Bowden, S.; Rahimi,
M.; An, K.; An, G.; et al. The negative regulator SMAX1 controls mycorrhizal
symbiosis and strigolactone biosynthesis in rice. Nature Communications 2020, 11,
2114, d0i:10.1038/s41467-020-16021-1.

Mascher, M.; Gundlach, H.; Himmelbach, A.; Beier, S.; Twardziok, S.O.; Wicker, T.;
Radchuk, V.; Dockter, C.; Hedley, P.E.; Russell, J.; et al. A chromosome conformation
capture ordered sequence of the barley genome. Nature 2017, 544, 427-433,
doi:10.1038/nature22043.

Charpentier, M.; Sun, J.; Wen, J.; Mysore, K.S.; Oldroyd, G.E.D. Abscisic acid
promotion of arbuscular mycorrhizal colonization requires a component of the
PROTEIN PHOSPHATASE 2A complex. Plant Physiology 2014, 166, 2077-2090,
doi:10.1104/pp.114.246371.

Foo, E.; McAdam, E.L.; Weller, J.L.; Reid, J.B. Interactions between ethylene,
gibberellins, and brassinosteroids in the development of rhizobial and mycorrhizal
symbioses of pea. Journal of Experimental Botany 2016, 67, 2413-2424,
doi:10.1093/jxb/erw047.

Negi, S.; Santisree, P.; Kharshiing, E.V.; Sharma, R. Inhibition of the ubiquitin-
proteasome pathway alters cellular levels of nitric oxide in tomato seedlings. Molecular
Plant 2010, 3, 854-869, doi:10.1093/mp/ssq033.

Floss, D.S.; Levy, J.G.; Levesque-Tremblay, V.; Pumplin, N.; Harrison, M.J. DELLA
proteins regulate arbuscule formation in arbuscular mycorrhizal symbiosis. Proceedings
of the National Academy of Sciences of the United States of America 2013, 110, E5025-
E5034, do0i:10.1073/pnas.1308973110.

Martin-Rodriguez, J.A.; Ocampo, J.A.; Molinero-Rosales, N.; Tarkowska, D.; Ruiz-
Rivero, O.; Garcia-Garrido, J.M. Role of gibberellins during arbuscular mycorrhizal
formation in tomato: New insights revealed by endogenous quantification and genetic

158




207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

analysis of their metabolism in mycorrhizal roots. Physiologia Plantarum 2015, 154,
66-81, doi:10.1111/ppl.12274.

Martin-Rodriguez, J.A.; Huertas, R.; Ho-Plagaro, T.; Ocampo, J.A.; Ckova, V.T.;
Tarkowska, D.; Ludwig-Mdller, J.; Garcia-Garrido, J.M. Gibberellin-abscisic acid
balances during arbuscular mycorrhiza formation in tomato. Frontiers in Plant Science
2016, 7, 1273, doi:10.3389/fpls.2016.01273.

Foo, E. Auxin influences strigolactones in pea mycorrhizal symbiosis. Journal of Plant
Physiology 2013, 170, 523-528, doi:10.1016/j.jplph.2012.11.002.

Cosme, M.; Ramireddy, E.; Franken, P.; Schmulling, T.; Wurst, S. Shoot- and root-
borne cytokinin influences arbuscular mycorrhizal symbiosis. Mycorrhiza 2016, 26,
709-720, doi:10.1007/s00572-016-0706-3.

Hao, Z.; Fayolle, L.; Van Tuinen, D.; Chatagnier, O.; Li, X.; Gianinazzi, S.; Gianinazzi-
Pearson, V. Local and systemic mycorrhiza-induced protection against the ectoparasitic
nematode Xiphinema index involves priming of defence gene responses in grapevine.
Journal of Experimental Botany 2012, 63, 3657-3672, doi.org/10.1093/jxb/ers046.

Aime, M.C.; Toome, M.; McLaughlin, D.J. 10 Pucciniomycotina. In Systematics and
Evolution 2014. 271-294, doi.org/10.1007/978-3-642-55318-9 10.

Feng, F.; Sun, J.; Radhakrishnan, G. V.; Lee, T.; Bozsoki, Z.; Fort, S.; Gavrin, A.; Gysel,
K.; Thygesen, M.B.; Andersen, K.R.; et al. A combination of chitooligosaccharide and
lipochitooligosaccharide recognition promotes arbuscular mycorrhizal associations in
Medicago truncatula. Nature Communications 2019, 10, 1-12, doi:10.1038/s41467-
019-12999-5.

Chabaud, M.; Genre, A.; Sieberer, B.J.; Faccio, A.; Fournier, J.; Novero, M.; Barker,
D.G.; Bonfante, P. Arbuscular mycorrhizal hyphopodia and germinated spore exudates
trigger Ca*2 spiking in the legume and nonlegume root epidermis. New Phytologist 2011,
189, 347-355, d0i:10.1111/j.1469-8137.2010.03464 x.

Kosuta, S.; Chabaud, M.; Lougnon, G.; Gough, C.; Dénarié, J.; Barker, D.G.; Bécard,
G. A diffusible factor from arbuscular mycorrhizal fungi induces symbiosis-specific
MtENOD11 expression in roots of Medicago truncatula. Plant Physiology 2003, 131,
951-962, d0i:10.1104/pp.011882.

Breuillin, F.; Schramm, J.; Hajirezaei, M.; Ahkami, A.; Favre, P.; Druege, U.; Hause,
B.; Bucher, M.; Kretzschmar, T.; Bossolini, E.; et al. Phosphate systemically inhibits
development of arbuscular mycorrhiza in Petunia hybrida and represses genes involved
in mycorrhizal functioning. Plant Journal 2010, 64, 1002-1017, doi:10.1111/].1365-
313X.2010.04385.x.

Tan, Z.; Hu, Y.; Lin, Z. Expression of SYMRK affects the development of arbuscular
mycorrhiza in tobacco roots. Acta Physiologiae Plantarum 2013, 35, 85-94,
doi:10.1007/s11738-012-1050-7.

Xiao, K.; Liu, J.; Dewbre, G.; Harrison, M.; Wang, Z.Y. Isolation and characterization
of root-specific phosphate transporter promoters from Medicago truncatula. Plant
Biology 2006, 8, 439-449, doi:10.1055/s-2005-873053.

Xie, X.; Lin, H.; Peng, X.; Xu, C.; Sun, Z.; Jiang, K.; Huang, A.; Wu, X.; Tang, N.;
Salvioli, A.; et al. Arbuscular mycorrhizal symbiosis requires a phosphate transceptor in

159




219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

the Gigaspora margarita fungal symbiont. Molecular Plant 2016, 9, 1583-1608,
doi:10.1016/j.molp.2016.08.011.

Shin, H.; Shin, H.S.; Dewbre, G.R.; Harrison, M.J. Phosphate transport in Arabidopsis:
Phtl1;1 and Pht1;4 play a major role in phosphate acquisition from both low- and high-
phosphate environments. Plant Journal 2004, 39, 629-642, doi:10.1111/j.1365-
313X.2004.02161.x.

Grunwald, U.; Guo, W.; Fischer, K.; Isayenkov, S.; Ludwig-Mdiller, J.; Hause, B.; Yan,
X.; Kuster, H.; Franken, P. Overlapping expression patterns and differential transcript
levels of phosphate transporter genes in arbuscular mycorrhizal, Pi-fertilised and
phytohormone-treated Medicago truncatula roots. Planta 2009, 229, 1029-1034,
d0i:10.1007/s00425-008-0877-z.

Tamura, Y.; Kobae, Y.; Mizuno, T.; Hata, S. Identification and expression analysis of
arbuscular mycorrhiza-inducible phosphate transporter genes of soybean. Bioscience,
Biotechnology and Biochemistry 2012, 76, 309-313, doi:10.1271/bbb.110684.

Yang, S.Y.; Grenlund, M.; Jakobsen, I.; Grotemeyer, M.S.; Rentsch, D.; Miyao, A.;
Hirochika, H.; Kumar, C.S.; Sundaresan, V.; Salamin, N.; et al. Nonredundant
regulation of rice arbuscular mycorrhizal symbiosis by two members of the Phosphate
transporterl gene family. Plant Cell 2012, 24, 4236-4251, doi:10.1105/tpc.112.104901.

Russo, G.; Spinella, S.; Sciacca, E.; Bonfante, P.; Genre, A. Automated analysis of
calcium spiking profiles with CaSA software: Two case studies from root-microbe
symbioses. BMC Plant Biology 2013, 13, 1-13, doi:10.1186/1471-2229-13-224.

Javot, H.; Penmetsa, R.V.; Breuillin, F.; Bhattarai, K.K.; Noar, R.D.; Gomez, S.K;
Zhang, Q.; Cook, D.R.; Harrison, M.J. Medicago truncatula mtpt4 mutants reveal a role
for nitrogen in the regulation of arbuscule degeneration in arbuscular mycorrhizal
symbiosis. Plant Journal 2011, 68, 954-965, d0i:10.1111/j.1365-313X.2011.04746.x.

Chen, X.W.; Wu, F.Y.; Li, H.; Chan, W.F.; Wu, C.; Wu, S.C.; Wong, M.H. Phosphate
transporters expression in rice (Oryza sativa L.) associated with arbuscular mycorrhizal
fungi (AMF) colonization under different levels of arsenate stress. Environmental and
Experimental Botany 2013, 87, 92-99, doi:10.1016/j.envexpbot.2012.08.002.

Xie, X.; Lai, W.; Che, X.; Wang, S.; Ren, Y.; Hu, W.; Chen, H.; Tang, M. A SPX
domain-containing phosphate transporter from Rhizophagus irregularis handles
phosphate homeostasis at symbiotic interface of arbuscular mycorrhizas. New
Phytologist 2022, 234, 650-671, doi:10.1111/nph.17973.

Floss, D.S.; Gomez, S.K.; Park, H.J.; MacLean, A.M.; Miller, L.M.; Bhattarai, K.K.;
Lévesque-Tremblay, V.; Maldonado-Mendoza, |.E.; Harrison, M.J. A transcriptional
program for arbuscule degeneration during AM symbiosis is regulated by MYBL.
Current Biology 2017, 27, 1206-1212, doi:10.1016/j.cub.2017.03.003.

Pimprikar, P.S. Transcriptional regulation of RAM1, a central regulator ofarbuscule
branching in arbuscular mycorrhiza symbiosis. 2018, doi:10.5282/EDOC.22784.

Wang, Z.; Ruan, W.; Shi, J.; Zhang, L.; Xiang, D.; Yang, C.; Li, C.; Wu, Z.; Liu, Y.;
Yu, Y.; et al. Rice SPX1 and SPX2 inhibit phosphate starvation responses through
interacting with PHR2 in a phosphate-dependent manner. Proceedings of the National
Academy of Sciences 2014, 11, 14953-14958, doi:10.1073/pnas.1404680111.

160




230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Das, D.; Gutjahr, C. Old dog, new trick: The PHR-SPX system regulates arbuscular
mycorrhizal symbiosis. Molecular plant 2022, 15, 225-227,
doi:10.1016/j.molp.2021.12.010.

Liao, D.; Sun, C.; Liang, H.; Wang, Y.; Bian, X.; Dong, C.; Niu, X.; Yang, M.; Xu, G.;
Chen, A.; et al. SISPX1-SIPHR complexes mediate the suppression of arbuscular
mycorrhizal symbiosis by phosphate repletion in tomato. The Plant Cell 2022, 1-21,
doi:10.1093/plcell/koac212.

Wang, P.; Snijders, R.; Kohlen, W.; Liu, J.; Bisseling, T.; Limpens, E. Medicago SPX1
and SPX3 regulate phosphate homeostasis, mycorrhizal colonization, and arbuscule
degradation. The Plant Cell 2021, 33, 3470-3486, doi:10.1093/plcell/koab206.

Pimprikar, P.; Gutjahr, C. Transcriptional Regulation of Arbuscular Mycorrhiza
Development. Plant and  Cell Physiology 2018, 59, 678-695,
doi.org/10.1093/pcp/pcy024.

Park, H.J.; Floss, D.S.; Levesque-Tremblay, V.; Bravo, A.; Harrison, M.J. Hyphal
branching during arbuscule development requires reduced arbuscular mycorrhiza. Plant
Physiology 2015, 169, 2774-2788, doi:10.1104/pp.15.01155.

Rich, M.K.; Vigneron, N.; Liboure, C.; Keller, J.; Xue, L.; Hajheidari, M.;
Radhakrishnan, G. V.; Le Ru, A.; Diop, S.I.; Potente, G.; et al. Lipid exchanges drove
the evolution of mutualism during plant terrestrialization. Science 2021, 372, 864-868,
doi:10.1126/science.abg0929.

Rubio, V.; Linhares, F.; Solano, R.; Martin, A.C.; Iglesias, J.; Leyva, A.; Paz-Ares, J. A
conserved MY B transcription factor involved in phosphate starvation signaling both in
vascular plants and in unicellular algae. Genes and Development 2001, 15, 2122-2133,
doi:10.1101/gad.204401.

Shi, J.; Zhao, B.; Zheng, S.; Zhang, X.; Wang, X.; Dong, W.; Xie, Q.; Wang, G.; Xiao,
Y.; Chen, F.; et al. A phosphate starvation response-centered network regulates
mycorrhizal symbiosis. Cell 2021, 184, 5527-5540, doi:10.1016/j.cell.2021.09.030.

Jiang, Y.; Xie, Q.; Wang, W.; Yang, J.; Zhang, X.; Yu, N.; Zhou, Y.; Wang, E. Medicago
AP2-domain transcription factor WRI5a is a master regulator of lipid biosynthesis and
transfer during mycorrhizal symbiosis. Molecular Plant 2018, 11, 1344-1359,
doi:10.1016/j.molp.2018.09.006.

Pimprikar, P.; Carbonnel, S.; Paries, M.; Katzer, K.; Klingl, V.; Bohmer, M.J.; Karl, L.;
Floss, D.S.; Harrison, M.J.; Parniske, M.; etal. A CCaMK-CYCLOPS-DELLA complex
activates transcription of RAML1 to regulate arbuscule branching. Current Biology 2016,
doi:10.1016/j.cub.2016.01.069. 26, 987-998, doi.org/10.1016/j.cub.2016.01.0609.

Shi, J.; Zhao, B.; Zheng, S.; Zhang, X.; Wang, X.; Dong, W.; Xie, Q.; Wang, G.; Xiao,
Y.; Chen, F.; et al. A phosphate starvation response-centered network regulates
mycorrhizal symbiosis. Cell 2021, 184, 5527-5540, d0i:10.1016/J.CELL.2021.09.030.

B.A.-M. Assay of inorganic phosphate, total phosphate and phosphatases. Methods in
Enzymology, 1966, 115-118, https://doi.org/10.1016/0076-6879(66)08014-5.

Srivastava, R.; Sirohi, P.; Chauhan, H.; Kumar, R. The enhanced phosphorus use
efficiency in phosphate-deficient and mycorrhiza-inoculated barley seedlings involves
activation of different sets of PHT1 transporters in roots. Planta 2021, 254, 1-17,

161




243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

doi:10.1007/s00425-021-03687-0.

Wang, L.; Lu, S.; Zhang, Y.; Li, Z.; Du, X.; Liu, D. Comparative genetic analysis of
Arabidopsis purple acid phosphatases AtPAP10, AtPAP12, and AtPAP26 provides new
insights into their roles in plant adaptation to phosphate deprivation. Journal of
Integrative Plant Biology 2014, 56, 299-314, doi:10.1111/jipb.12184.

Wang, L.; Li, Z.; Qian, W.; Guo, W.; Gao, X.; Huang, L.; Wang, H.; Zhu, H.; Wu, JW.;
Wang, D.; et al. The arabidopsis purple acid phosphatase AtPAP10 is predominantly
associated with the root surface and plays an important role in plant tolerance to
phosphate limitation. Plant Physiology 2011, 157, 1283-1299,
doi:10.1104/pp.111.183723.

Kuang, R.; Chan, K.-H.; Yeung, E.; Lim, B.L. Molecular and Biochemical
Characterization of AtPAP15, a Purple Acid Phosphatase with Phytase Activity, in
Arabidopsis 1[W][OA]. Plant Physiology, 2009, 151, 199-209,
doi:10.1104/pp.109.143180.

Kumar, R.; Chauhan, P.K.; Khurana, A. Identification and expression profiling of DNA
methyltransferases during development and stress conditions in Solanaceae. Functional
and Integrative Genomics 2016, 16, 513-528, doi:10.1007/s10142-016-0502-3.

Van Bel, M.; Diels, T.; Vancaester, E.; Kreft, L.; Botzki, A.; Van De Peer, Y.; Coppens,
F.; Vandepoele, K. PLAZA 4.0: An integrative resource for functional, evolutionary and
comparative plant genomics. Nucleic Acids Research 2018, 46, D1190-D1196 ,
doi:10.1093/nar/gkx1002.

Voorrips, R.E. Mapchart: Software for the graphical presentation of linkage maps and
QTLs. Journal of Heredity 2002, 93, 77-78, doi.org/10.1093/jhered/93.1.77.

Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGAG5:
Molecular evolutionary genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Molecular Biology and Evolution 2011,
28, 2731-2739, doi:10.1093/molbev/msri21.

Sims, D.A.; Gamon, J.A. Relationships between leaf pigment content and spectral
reflectance across a wide range of species, leaf structures and developmental stages.
Remote Sensing of Environment 2002, 81, 337-354, doi:https://doi.org/10.1016/S0034-
4257(02)00010-X.

Sato, S.; Tabata, S.; Hirakawa, H.; Asamizu, E.; Shirasawa, K.; Isobe, S.; Kaneko, T.;
Nakamura, Y.; Shibata, D.; Aoki, K.; et al. The tomato genome sequence provides
insights into  fleshy fruit evolution. Nature 2012, 485, 635-641,
doi:10.1038/nature11119.

Bateman, A. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Research
2019, 47, D506-D515, doi:10.1093/nar/gky1049.

Berman, H.; Henrick, K.; Biology, H.N.-S.& M. Announcing the worldwide protein data
bank. Nature Structural & Molecular Biology, 2003, 10, 980-980.

Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K;
Madden, T.L. BLAST+: Architecture and applications. BMC Bioinformatics 2009, 10,
1-9, doi:10.1186/1471-2105-10-421.

Webb, B.; Sali, A. Comparative protein structure modeling using MODELLER. Current

162




256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Protocols in Bioinformatics 2016, 2016, 5.6.1-5.6.37, doi:10.1002/cpbi.3.

Roman Laskowski, B.A.; Macarthur, M.W.; Thornton, J.M. Computer Programs
PROCHECK: a program to check the stereochemicai quality of protein structures.
Journal of Applied Crystallography 1983, 26, 283-291,

Wiederstein, M.; research, M.S.-N. ProSA-web: interactive web service for the
recognition of errors in three-dimensional structures of proteins. Nucleic Acid Research,
35, W407-W411, doi.org/10.1093/nar/gkm290.

Studer, G.; Rempfer, C.; ... A.W. QMEANDisCo—distance constraints applied on
model quality estimation. Bioinformatics 2020, 36, 1765-1771,
doi.org/10.1093/bioinformatics/btz828.

Das, A.; Gerlits, O.; Parks, J.; Langan, P.; Structure, A.K. Protein kinase A catalytic
subunit primed for action: Time-lapse crystallography of Michaelis complex formation.
Structure 2015, 23, 2331-2340, doi.org/10.1016/j.str.2015.10.005.

Gerlits, O.; Tian, J.; Das, A.; Langan, P.; Heller, W.T.; Kovalevsky, A. Phosphoryl
transfer reaction snapshots in crystals insights into the mechanism of protein kinase a
catalytic subunit. Journal of Biological Chemistry 2015, 290, 15538-15548,
doi:10.1074/jbc.M115.643213.

Duewel, H.S.; Radaev, S.; Wang, J.; Woodard, R.W.; Gatti, D.L. Substrate and Metal
Complexes of 3-Deoxy-D-manno-octulosonate-8-phosphate Synthase from Aquifex
aeolicus at 1.9-A Resolution implications for the condensation mechanism. The Journal
of Biological Chemistry 2001, 276, 8393-8402, doi:10.1074/jbc.M007884200.

Gruninger, R.J.; Dobing, S.; Smith, A.D.; Bruder, L.M.; Selinger, L.B.; Wieden, H.-J.;
Mosimann, S.C. Substrate binding in protein-tyrosine phosphatase-like inositol
polyphosphatases. 2011, 287, 9722-9730, doi:10.1074/jbc.M111.309872.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-AACT method. Methods 2001, 25, 402-408,
doi:10.1006/meth.2001.1262.

Dellaporta, S. Plant DNA Miniprep and Microprep: Versions 2.1-2.3. In The Maize
Handbook 1994, 522-525, doi.org/10.1007/978-1-4612-2694-9_84.

Norkunas, K.; Harding, R.; Dale, J.; Dugdale, B. Improving agroinfiltration-based
transient gene expression in Nicotiana benthamiana. Plant Methods 2018, 14, 1-14,
doi:10.1186/s13007-018-0343-2.

Joubes, J.; Phan, T.H.; Just, D.; Rothan, C.; Bergounioux, C.; Raymond, P.; Chevalier,
C. Molecular and biochemical characterization of the involvement of cyclin-dependent
kinase a during the early development of tomato fruit. Plant Physiology 1999, 121, 857-
869, doi:10.1104/pp.121.3.857.

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 1976, 72, 248-254, d0i:10.1016/0003-2697(76)90527-3.

Senthil-Kumar, M.; Lee, H.K.; Mysore, K.S. VIGS-mediated forward genetics
screening for identification of genes involved in nonhost resistance. Journal of
visualized experiments : JoVE 2013, 78, €51033, d0i:10.3791/51033.

163




269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Vierheilig, H.; Coughlan, A.P.; Wyss, U.; Piché, Y. Ink and vinegar, a simple staining
technique for arbuscular-mycorrhizal fungi. Applied and Environmental Microbiology
1998, 64, 5004-5007, doi:10.1128/aem.64.12.5004-5007.1998.

Dugyala, S.; Borowicz, P.; Acevedo, M. Rapid protocol for visualization of rust fungi
structures using fluorochrome Uvitex 2B. Plant Methods 2015, 11, 1-8,
d0i:10.1186/s13007-015-0096-0.

Eo, J.-K.; Eom, A.-H. Differential growth response of various crop species to arbuscular
mycorrhizal inoculation. Mycobiology 2009, 37, 72-76,
doi:10.4489/myc0.2009.37.1.072.

Nogueira, M.A.; Nehls, U.; Hampp, R.; Poralla, K.; Cardoso, E.J.B.N. Mycorrhiza and
soil bacteria influence extractable iron and manganese in soil and uptake by soybean.
Plant and Soil 2007, 298, 273-284, d0i:10.1007/s11104-007-9379-1.

Gourley, C.J.P.; Allan, D.L.; Russelle, M.P. Plant nutrient efficiency: A comparison of
definitions and suggested improvement. Plant and Soil 1994, 158, 29-37,
doi:10.1007/BF00007914.

Narang, R.A.; Bruene, A.; Altmann, T. Analysis of phosphate acquisition efficiency in
different arabidopsis accessions. Plant Physiology 2000, 124, 1786-1799,
d0i:10.1104/pp.124.4.1786.

Sato, S.; Tabata, S.; Hirakawa, H.; Asamizu, E.; Shirasawa, K.; Isobe, S.; Kaneko, T.;
Nakamura, Y.; Shibata, D.; Aoki, K.; et al. The tomato genome sequence provides
insights into  fleshy  fruit evolution. Nature 2012, 485, 635-641,
doi:10.1038/nature11119.

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina
sequence data. Bioinformatics 2014, 15, 2114-2120,
doi:10.1093/bioinformatics/btul70.

Pfaff, J.; Denton, A.K.; Usadel, B.; Pfaff, C. Phosphate starvation causes different stress
responses in the lipid metabolism of tomato leaves and roots. Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids 2020, 1865, 158763,
doi:https://doi.org/10.1016/j.bbalip.2020.158763.

Akash, A.; Srivastava, R.; Kumar, R. VIGS-Based Gene Silencing for Assessing
Mineral Nutrient Acquisition. In Methods in Molecular Biology 2022, 165-179,
doi.org/10.1007/978-1-0716-1875-2_11.

Karandashov, V.; Bucher, M. Symbiotic phosphate transport in arbuscular mycorrhizas.
Trends in Plant Science 2005, 10, 22-29, doi.org/10.1016/j.tplants.2004.12.003.

Paszkowski, U.; Kroken, S.; Roux, C.; Briggs, S.P. Rice phosphate transporters include
an evolutionarily divergent gene specifically activated in arbuscular mycorrhizal
symbiosis. Proceedings of the National Academy of Sciences of the United States of
America 2002, 99, 13324-13329, doi:10.1073/pnas.202474599.

Nagy, R.; Karandashov, V.; Chague, V.; Kalinkevich, K.; Tamasloukht, M.; Xu, G.;
Jakobsen, I.; Levy, A.A.; Amrhein, N.; Bucher, M. The characterization of novel
mycorrhiza-specific phosphate transporters from Lycopersicon esculentum and Solanum
tuberosum uncovers functional redundancy in symbiotic phosphate transport in
solanaceous species. The Plant Journal 2005, 42, 236-250, doi:10.1111/}.1365-

164




282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

313X.2005.02364.x.

Loth-Pereda, V.; Orsini, E.; Courty, P.E.; Lota, F.; Kohler, A.; Diss, L.; Blaudez, D.;
Chalot, M.; Nehls, U.; Bucher, M.; et al. Structure and expression profile of the
phosphate phtl transporter gene family in mycorrhizal Populus trichocarpalspi. Plant
Physiology 2011, 156, 2141-2154, doi:10.1104/pp.111.180646.

Sisaphaithong, T.; Kondo, D.; Matsunaga, H.; Kobae, Y.; Hata, S. Expression of plant
genes for arbuscular mycorrhiza-inducible phosphate transporters and fungal vesicle
formation in sorghum, barley, and wheat roots. Bioscience, Biotechnology and
Biochemistry 2012, 76, 2364-2367, doi:10.1271/bbb.120782.

Sugimura, Y.; Saito, K. Comparative transcriptome analysis between Solanum
lycopersicum L. and Lotus japonicus L. during arbuscular mycorrhizal development.
Soil Science and Plant Nutrition 2017, 63, 127-136,
doi:10.1080/00380768.2017.1280378.

Ahmad, Z.; Gill, M.A.; Qureshi, R.H. Genotypic variations of phosphorus utilization
efficiency of crops. Journal of Plant Nutrition 2001, 24, 1149-1171, doi:10.1081/PLN-
100106973.

Rose, T.J.; Mori, A.; Julia, C.C.; Wissuwa, M. Screening for internal phosphorus
utilisation efficiency: comparison of genotypes at equal shoot P content is critical. Plant
and Soil 2016, 401, 79-91, doi:10.1007/s11104-015-2565-7.

Xu, H.X.; Weng, X.Y.; Yang, Y. Effect of phosphorus deficiency on the photosynthetic
characteristics of rice plants. Russian Journal of Plant Physiology 2007, 54, 741-748,
doi:10.1134/S51021443707060040.

Hlahla, J.M.; Mafa, M.S.; van der Merwe, R.; Alexander, O.; Duvenhage, M.M.; Kemp,
G.; Moloi, M.J. The Photosynthetic Efficiency and Carbohydrates Responses of Six
Edamame (Glycine max. L. Merrill) Cultivars under Drought Stress. Plants 2022, 11,
394, doi:10.3390/plants11030394.

Williamson, L.C.; Ribrioux, S.P.C.P.; Fitter, A.H.; Ottoline Leyser, H.M. Phosphate
availability regulates root system architecture in Arabidopsis. Plant Physiology 2001,
126, 875-882, d0i:10.1104/pp.126.2.875.

Lopez-Bucio, J. Phosphate Availability Alters Architecture and Causes Changes in
Hormone Sensitivity in the Arabidopsis Root System. Plant Physiology 2002, 129, 244—
256, doi:10.1104/pp.010934.

Wu, C.; Wei, X.; Sun, H.L.; Wang, Z.Q. Phosphate availability alters lateral root
anatomy and root architecture of Fraxinus mandshurica Rupr. seedlings. Journal of
Integrative Plant Biology 2005, 47, 292-301, doi:10.1111/j.1744-7909.2005.00021.x.

Lynch, J.P.; Brown, K.M. Regulation of root architecture by phosphorus availability. In
Phosphorus in plant biology: regulatory roles in molecular, cellular, organismic, and
ecosystem processes 1998, 19, 148-156.

Kohli, P.S.; Kumar Verma, P.; Verma, R.; Parida, S.K.; Thakur, J.K.; Giri, J. Genome-
wide association study for phosphate deficiency responsive root hair elongation in
chickpea. Functional and Integrative Genomics 2020, 20, 775-786,
doi:10.1007/s10142-020-00749-6.

Shin, R.; Berg, R.H.; Schachtman, D.P. Reactive oxygen species and root hairs in

165




295.

296.

297.

298.

299.

300.

301.

302.

308.

304.

305.

306.

arabidopsis root response to nitrogen, phosphorus and potassium deficiency. Plant and
Cell Physiology 2005, 46, 1350-1357, doi:10.1093/pcp/pcil4s.

Bozzo, G.G.; Dunn, E.L.; Plaxton, W.C. Differential synthesis of phosphate-starvation
inducible purple acid phosphatase isozymes in tomato (Lycopersicon esculentum)
suspension cells and seedlings. Plant, Cell and Environment 2006, 29, 303-313,
doi:10.1111/j.1365-3040.2005.01422.x.

Kumar, S.; Pallavi; Chugh, C.; Seem, K.; Kumar, S.; Vinod, K.K.; Mohapatra, T.
Characterization of contrasting rice (Oryza sativa L.) genotypes reveals the Pi-efficient
schema for phosphate starvation tolerance. BMC Plant Biology 2021, 21, 1-26,
doi:10.1186/s12870-021-03015-4.

Gaume, A.; Méchler, F.; De Leon, C.; Narro, L.; Frossard, E. Low-P tolerance by maize
(Zea mays L.) genotypes: Significance of root growth, and organic acids and acid
phosphatase  root exudation. 228, 253-264, Plant and Soil 2001,
d0i:10.1023/A:1004824019289.

Awasthi, P.; Laxmi, A. Root Architectural Plasticity in Changing Nutrient Availability.
Rhizobiology: Molecular Physiology of Plant Roots 2021, 25-37, doi.org/10.1007/978-
3-030-84985-6_2.

Kumar Sharma, A.; Mihlroth, A.; Jouhet, J.; Maréchal, E.; Alipanah, L.; Kissen, R.;
Brembu, T.; Bones, A.M.; Winge, P. The Myb-like transcription factor phosphorus
starvation response (PtPSR) controls conditional P acquisition and remodelling in
marine microalgae. New Phytologist 2020, 225, 2380-2395, doi:10.1111/nph.16248.

Deng, S.; Lu, L.; Li, J.; Du, Z.; Liu, T.; Li, W.; Xu, F.; Shi, L.; Shou, H.; Wang, C.
Purple acid phosphatase 10c encodes a major acid phosphatase that regulates plant
growth under phosphate-deficient conditions in rice. Journal of Experimental Botany
2020, 71, 4321-4332, doi:10.1093/jxb/eraal79.

Schenk, G.; Ge, Y.; Carrington, L.E.; Wynne, C.J.; Searle, I.R.; Carroll, B.J.; Hamilton,
S.; De Jersey, J. Binuclear metal centers in plant purple acid phosphatases: Fe-Mn in
Sweet Potato and Fe-Zn in Soybean 1. Archives of Biochemistry and Biophysics 1999,
370, 183-189, https://doi.org/10.1006/abbi.1999.1407.

Klabunde, T.; Stréter, N.; Frohlich, R.; ... H.W.-J. Mechanism of Fe (111)-Zn (I1) purple
acid phosphatase based on crystal structures. Journal of molecular biology 1996, 259,
737-748, https://doi.org/10.1006/jmbi.1996.0354.

Hegeman, C.E.; Grabau, E.A. A novel phytase with sequence similarity to purple acid
phosphatases is expressed in cotyledons of germinating soybean seedlings. Plant
physiology 2001, 126, 1598-608, doi:10.1104/pp.126.4.1598.

Farhadi, S.; Sabet, M.S.; Malboobi, M.A.; Moieni, A. The critical role of AtPAP17 and
AtPAP26 genes in arabidopsis phosphate compensation network. Frontiers in Plant
Science 2020, 11, 1-15, doi:10.3389/fpls.2020.565865.

Kong, Y.; Li, X.; Wang, B.; Li, W.; Du, H.; Zhang, C. The soybean purple acid
phosphatase GMPAP14 predominantly enhances external phytate utilization in plants.
Frontiers in Plant Science 2018, 9, 292, doi:10.3389/fpls.2018.00292.

Wang, L.; Xiao, L.; Yang, H.; Chen, G.; Zeng, H.; Zhao, H.; Zhu, Y. Genome-wide
identification, expression profiling, and evolution of phosphate transporter gene family

166




307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

in green algae. Frontiers in Genetics 2020, 9, 1755, doi:10.3389/fgene.2020.590947.

Pang, X.; Cheng, Y.; Ruan, M.; Ye, Q.; Wang, R.; Yao, Z.; Zhou, G.; Wan, H. The PAP
gene family in tomato: comprehensive comparative analysis, phylogenetic relationships
and expression profiles. Plants 2022, 11, 563, doi:10.3390/plants11040563.

Xie, L.; Shang, Q. Genome-wide analysis of purple acid phosphatase structure and
expression in ten vegetable species. BMC Genomics 2018, 19, 1-12,
doi:10.1186/s12864-018-5022-1.

Bhadouria, J.; Giri, J. Purple acid phosphatases: roles in phosphate utilization and new
emerging functions. Plant Cell Reports 2022, 41, 33-51, doi:10.1007/s00299-021-
02773-7.

Bhadouria, J.; Mehra, P.; Verma, L.; Pazhamala, L.T.; Rumi, R.; Panchal, P.; Sinha,
A.K.; Giri, J. Root-expressed rice PAP3b enhances secreted apase activity and helps
utilize organic phosphate. Plant and Cell Physiology 2023, 64, 501-518,
doi:10.1093/pcp/pcad013.

Wang, Y.; Wang, F.; Lu, H.; Liu, Y.; Mao, C. Phosphate uptake and transport in plants:
an elaborate regulatory system. Plant and Cell Physiology 2021, 62, 564-572,
doi.org/10.1093/pcp/pcab011

Suen, P.K.; Zhang, S.; Sun, S.S.-M. Molecular characterization of a tomato purple acid
phosphatase during seed germination and seedling growth under phosphate stress. Plant
Cell Reports 2015, 34, 981-992, doi:10.1007/s00299-015-1759-z.

Zeng, H.; Wang, G.; Zhang, Y.; Hu, X.; Pi, E.; Zhu, Y.; Wang, H.; Du, L. Genome-wide
identification of phosphate-deficiency-responsive genes in soybean roots by high-
throughput sequencing. Plant and Soil 2016, doi:10.1007/s11104-015-2657-4.

Li, D.; Zhu, H.; Liu, K.; Liu, X.; Leggewie, G.; Udvardi, M.; Wang, D. Purple acid
phosphatases of Arabidopsis thaliana. Comparative analysis and differential regulation
by phosphate deprivation. Journal of Biological Chemistry 2002, 398, 207-227,
doi:10.1074/jbc.M204183200.

Wang, L.; Li, Z.; Qian, W.; Guo, W.; Gao, X.; Huang, L.; Wang, H.; Zhu, H.; Wu, J.-
W.; Wang, D.; et al. The arabidopsis purple acid phosphatase atpap10 is predominantly
associated with the root surface and plays an important role in plant tolerance to
phosphate limitation. Plant Physiology 2011, 157, 1283-1299,
doi:10.1104/pp.111.183723.

Gonzalez-Mufioz, E.; Avendafio, A.O.V.; Chavez Montes, R.A.; de Folter, S.; Andrés-
Hernandez, L.; Abreu-Goodger, C.; Sawers, R.J.H. The maize (Zea mays ssp. mays var.
B73) genome encodes 33 members of the purple acid phosphatase family. Frontiers in
Plant Science 2015, 6, 341, doi:10.3389/fpls.2015.00341.

Zhu, H.; Qian, W.; Lu, X.; Li, D.; Liu, X.; Liu, K.; Wang, D. Expression patterns of
purple acid phosphatase genes in Arabidopsis organs and functional analysis of
AtPAP23 predominantly transcribed in flower. Plant Molecular Biology 2005, 59, 581,
doi:10.1007/s11103-005-0183-0.

Lu, K.; Li, J.N.; Zhong, W.R.; Zhang, K.; Fu, F.Y.; Chali, Y.R. Isolation, characterization
and phosphate-starvation inducible expression of potential Brassica napus purple acid
phosphatase 17(BnPAP17) gene family. Botanical Studies 2008, 49, 199-213,

167




3109.
320.

321.

322.

323.

324,

325.

326.

327.

328.

329.

330.

Veljanovski et al., 2006 - Google Scholar.

Li, Z.; Hu, J.; Wu, Y.; Wang, J.; Song, H.; Chai, M.; Cong, L.; Miao, F.; Ma, L.; Tang,
W.; et al. Integrative analysis of the metabolome and transcriptome reveal the phosphate
deficiency response pathways of alfalfa. Plant Physiology and Biochemistry 2022, 170,
49-63, doi:10.1016/j.plaphy.2021.11.039.

Li, C.; Gui, S.; Yang, T.; Walk, T.; Wang, X.; Liao, H. Identification of soybean purple
acid phosphatase genes and their expression responses to phosphorus availability and
symbiosis. Annals of Botany 2012, 109, 275-285, doi:10.1093/aob/mcr246.

Abdelrahman, M.; El-Sayed, M.A.; Hashem, A.; Abd-Allah, E.F.; Algarawi, A.A.;
Burritt, D.J.; Tran, L.S.P. Metabolomics and transcriptomics in legumes under
phosphate deficiency in relation to nitrogen fixation by root nodules. Frontiers in Plant
Science 2018, 9, 1-8, doi:10.3389/fpls.2018.00922.

O’Gallagher, B.; Ghahremani, M.; Stigter, K.; Walker, E.J.L.; Pyc, M.; Liu, A.Y;
Maclintosh, G.C.; Mullen, R.T.; Plaxton, W.C. Arabidopsis PAP17 is a dual-localized
purple acid phosphatase up-regulated during phosphate deprivation, senescence, and
oxidative stress. Journal of Experimental Botany 2022, 73, 382-399,
doi:10.1093/jxb/erab409.

Jamali, A.; Mohammad, L.; Sabet, S.; Jalali, M.; Katayoun, J. Functional assessment of
AtPAP17 ; encoding a purple acid phosphatase involved in phosphate metabolism in
Arabidopsis thaliana. Biotechnology Letters 2023, 45, 719739, doi:10.1007/s10529-
023-03375-x.

Xu, H.; Zhang, H.; Fan, Y.; Wang, R.; Cui, R.; Liu, X.; Chu, S.; Jiao, Y.; Zhang, X.;
Zhang, D. The purple acid phosphatase GmPAP17 predominantly enhances phosphorus
use efficiency in  soybean. Plant  Science 2022, 320, 111283,
doi:10.1016/j.plantsci.2022.111283.

Robinson, W.D.; Carson, I.; Ying, S.; Ellis, K.; Plaxton, W.C. Eliminating the purple
acid phosphatase AtPAP26 in Arabidopsis thaliana delays leaf senescence and impairs
phosphorus  remobilization.  New  Phytologist 2012, 196, 1024-1029,
do0i:10.1111/nph.12006.

Hurley, B.A.; Tran, H.T.; Marty, N.J.; Park, J.; Snedden, W.A.; Mullen, R.T.; Plaxton,
W.C. The dual-targeted purple acid phosphatase isozyme ATPAP26 is essential for
efficient acclimation of arabidopsis to nutritional phosphate deprivation. Plant
Physiology 2010, 153, 1112-1122, d0i:10.1104/pp.110.153270.

Mehra, P.; Pandey, B.K.; Giri, J. Comparative morphophysiological analyses and
molecular profiling reveal Pi-efficient strategies of a traditional rice genotype. Frontiers
in Plant Science 2016, 6, 1184, doi:10.3389/fpls.2015.01184.

Wang, X.; Wang, Y.; Tian, J.; Lim, B.L.; Yan, X.; Liao, H. Overexpressing AtPAP15
enhances phosphorus efficiency in soybean. Plant Physiology 2009, 151, 233-240,
do0i:10.1104/pp.109.138891.

Dionisio, G.; Madsen, C.K.; Holm, P.B.; Welinder, K.G.; Jgrgensen, M.; Stoger, E.;
Arcalis, E.; Brinch-Pedersen, H. Cloning and characterization of purple acid
phosphatase phytases from wheat, barley, maize, and rice. Plant Physiology 2011, 156,
1087-1100, doi:10.1104/pp.110.164756.

168




331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

Wang, L.; Lu, S.; Zhang, Y.; Li, Z.; Du, X.; Liu, D. Comparative genetic analysis of
Arabidopsis purple acid phosphatases AtPAP10, AtPAP12, and AtPAP26 provides new
insights into their roles in plant adaptation to phosphate deprivation. Journal of
Integrative Plant Biology 2014, 56, 299-314, doi:10.1111/jipb.12184.

Ma, X.F.; Tudor, S.; Butler, T.; Ge, Y.; Xi, Y.; Bouton, J.; Harrison, M.; Wang, Z.Y.
Transgenic expression of phytase and acid phosphatase genes in alfalfa (Medicago
sativa) leads to improved phosphate uptake in natural soils. Molecular Breeding 2012,
30, 377-391, doi:10.1007/s11032-011-9628-0.

Otegui, M.S.; Capp, R.; Staehelin, L.A. Developing seeds of Arabidopsis store different
minerals in two types of vacuoles and in the endoplasmic reticulum. Plant Cell 2002,
14, 1311-1327, doi:10.1105/tpc.010486.

Butowt, R.; Rodfiguez-Garcia, M.l.; Alché, J.D.; Gorska-Brylass, A. Calcium in
electron-dense globoids during pollen grain maturation in Chlorophytum elatum R.Br.
203, 413-421, Planta 1997, doi:10.1007/s004250050208.

Reddy, N.R.; Sathe, S.K.; Salunkhe, D.K. Phytates in legumes and cereals. Advances in
Food Research 1982, 28, 1-92, doi:10.1016/S0065-2628(08)60110-X.

Lung, S.C.; Lim, B.L. Assimilation of phytate-phosphorus by the extracellular phytase
activity of tobacco (Nicotiana tabacum) is affected by the availability of soluble phytate.
Plant and Soil 2006, 279, 187-199, doi:10.1007/s11104-005-1009-1.

Lung, S.C.; Leung, A.; Kuang, R.; Wang, Y.; Leung, P.; Lim, B.L. Phytase activity in
tobacco (Nicotiana tabacum) root exudates is exhibited by a purple acid phosphatase.
Phytochemistry 2008, 69, 365-373, doi:10.1016/j.phytochem.2007.06.036.

Ezawa, T.; Hayatsu, M.; Saito, M. A new hypothesis on the strategy for acquisition of
phosphorus in arbuscular mycorrhiza: Up-regulation of secreted acid phosphatase gene
in the host plant. Molecular Plant-Microbe Interactions 2005, 18, 1046-1053,
doi:10.1094/MPMI-18-1046.

Wang, X.; Zhao, S.; Blicking, H. Arbuscular mycorrhizal growth responses are fungal
specific but do not differ between soybean genotypes with different phosphate
efficiency. Annals of Botany 2016, 118, 11-21, doi:10.1093/aob/mcw074.

Li, C.; Zhou, J.; Wang, X.; Liao, H. A purple acid phosphatase, GmPAP33, participates
in arbuscule degeneration during arbuscular mycorrhizal symbiosis in soybean. Plant
Cell and Environment 2019, 42, 2015-2027, doi:10.1111/pce.13530.

Li, C.; Li, C.; Zhang, H.; Liao, H.; Wang, X. The purple acid phosphatase GmPAP21
enhances internal\nphosphorus utilization and possibly plays a role in symbiosis with
rhizobia in  soybean. Physiolagia Plantarum. 2016, 159, 215-227,
doi.org/10.1111/ppl.12524.

169




Summary of my publications and attended conferences/workshops

First author publications

Srivastava, R., Sirohi, P., Chauhan, H. and Kumar, R. (2021) The enhanced phospho-
rus use efficiency in phosphate-deficient and mycorrhiza-inoculated barley seedlings
involves activation of different sets of PHT1 transporters in roots. Planta. 254 (1-17).
Srivastava, R., Basu, S. and Kumar, R. (2021) Phosphorus starvation response dynam-
ics and management in plants for sustainable agriculture. Journal of Plant Biochemistry
and Biotechnology. 30 (829-847).

Srivastava, R., Roychowdhury, A. and Kumar, R. (2022) Host SPX-PHR regulatory
circuit: the molecular dynamo steering mycorrhization in plants. Plant Cell Reports. 41
(1329-1332).

Srivastava, R., Akash., Parida, A.P., Chauhan, P.K., Kumar, R. (2020) Identification,
structure analysis, and transcript profiling of purple acid phosphatases under Pi defi-
ciency in tomato (Solanum lycopersicum.) and its wild relatives. Int. J. Biol. Macromol.
165 (2253-2266).

Srivastava, R. and Kumar, R. (2019) The expanding roles of APETALAZ2/Ethylene
Responsive Factors and their potential applications in crop improvement. Briefings in
functional genomics. 18 (240-254).

Second author publication & book chapter

Roychowdhury, A., Srivastava, R., Akash, Shukla, G., Zehirov, G., Mishev, K. and
Kumar, R., 2023. Metabolic footprints in phosphate-starved plants. Physiology and
Molecular Biology of Plants, pp.1-13.

Akash, Srivastava R and Kumar R*. VIGS-based gene silencing for assessing min-
eral nutrient acquisition in a book entitled 'Plant Gene Silencing II' part of the Meth-
ods in Molecular Biology series, published by Humana Press, USA, eds Mysore
Kirankumar and Muthappa Senthil-Kumar, Springer publishing group *correspond-
ing author. (165-179).

Equal first author contribution

Singh, N.R.R., Roychowdhury, A., Srivastava, R., Gaganan, G.A., Parida, A.P. and

170




Kumar, R., (2023). Silencing of SISPX1 and SISPX2 promote growth and root mycor-

rhization in tomato (Solanum lycopersicum L.) seedlings. Plant Science, 333, p.111723.

Equal contributions first author publications
e An integrated omics approach reveals sucrose-dependent role of tomato PAP26b
in Pi acquisition in tomato: Akashla#, Rajat Srivastavala#, Kapil Sharma, and

Rahul Kumarl (# equal contribution).

Poster presentations and workshop attended

e Presented poster on "Understanding the SPX-PHR controlled mycorrhizal coloni-
zation in tomato roots using Virus-induced gene silencing approach™ at Interna-
tional Conference on Virus Evolution, Infection and Disease Control (ICVEIDC-
2022) by department of Biotechnology & Bioinformatics, School of Life Sciences,
University of Hyderabad, India-500046.

e Presented poster on "Understanding the genetic regulatory mechanism controlling
PUE and PAE upon mycorrhizal colonization in tomato”, in 12th India-Japan Sci-
ence and Technology. International conference on Frontier areas of science and
technology (ICFAST-2022) held at University of Hyderabad, Hyderabad 500046,
INDIA during september 09-10-2022.

e Participated in SERB sponsored workshop "Hands on training on CRISPR/Cas9
mediated gene editing in plants" organized by department of Plant Sciences, Uni-
versity of Hyderabad on October 3-10, 2021.

e Participated in "National conference on Frontiers in Plant Biology", 31st January -
1st February 2020, organized by department of Plant Sciences, School of Life Sci-
ences, university of Hyderabad, 500046, India-500046.

e Presented poster on "Transcriptomics and functional genomics for improving phos-
phate use efficiency in tomato (Solanum lycopersicum)" at National conference on
Integrative Plant Biochemistry and Biotechnology, 08-09 November 2019, orga-
nized by Society for Plant Biochemistry and Biotechnology, New Delhi and 1ICAR-
IRR, Hyderabad India-500046.

e Presented poster on "Transcriptomics and functional genomics for improving phos-

phorous use efficiency in tomato™ (Solanum Lycopersicum L), at 4th International

171




conference on agriculture and animal husbandry "Advances in agriculture and ani-
mal sciences towards global food security™ organized in association with Life sci-
ence society of Hyderabad during August 28-30,2019 at University of Hyderabad.
Participated in the 59th Annual Conference of Association of Microbiologist of In-
dia (AMI-2018) and International Symposium on Host Pathogen Interactions held
on 9th-12th December 2018 by School of Life Sciences, university of Hyderabad,
Hyderabad, India-500046.

Presented the poster entitled "Understanding the molecular circuitry underlying low
phosphorous response in tomato" in BioQuest-2017 held on 12th and 13th October
2017 at School of Life Sciences, University of Hyderabad, Hyderabad, India-
500046.

Participant in the Nano3Bio dissemination event entitled "The future of Chitosans"
held on 20th September 2017, organized by dept. of plant Sciences, School of Life
Sciences, university of Hyderabad, Hyderabad, India-500046.

Attended one day "Workshop on Mendeley" held at University of Hyderabad on
9th March 2017, organized by IGM Library in collaboration with Elsevier Pub-
lisher.

Participant in online workshop on "Hands-On Training on CRISPR/Cas9 Mediated
Gene-editing in Plants” 3-10 October, 2021 by SERB-SSR (CRG/2018/001033) at
Department of Plant Sciences, University of Hyderabad.

172




'Screening of tomato
germplasm and functions|
Characterization of Candidate
purple acid phosphatase genes
under phosphate deficiency "

by Rajat Srivastava

Submission date: 23-Jun-2023 12:54pMm (UTC+0530)
Submission |D: 2121301857

File name: Rajat_Thesis_submission.docx (38.33Mm)
Word count: 33219

Character count: 189175



"Screening of tomato germplasm and functional
characterization of candidate purple acid phosphatase genes
under phosphate deficiency "

ORIGINALITY REPORT

26k 13, 224 12

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Submitted to University of Hyderabad,
Hyderabad | hereby confirm that this is j(g )’\{MQ}L

Student Paper students self paper

g ] I hereby confirm t his is

Rajat Srivastava, Akash, Adwalta Prasad studentsse.f,,@
Parida, Pankaj Kumar Chauhan, Rahul Kumar.
"Identification, structure analysis, and . ,@V\w

. . . K. HWM

transcript profiling of purple acid P
phosphatases under Pi deficiency in tomato oy
(Solanum lycopersicum L.) and its wild '
relatives", International Journal of Biofogical
Macromolecules, 2020

Publicatio isi
Puptication | hereby confirm that this is

students self paper

link.springer.com R. g{wa};?ﬁ:

Internet Source

'u Sc: >NCes
Sc

Naorem Ronald Re.agan.Singh,Ab‘HiShek @

Roychowdhury, Rajat Srivastava, Akash et al. ,
"Silencing of SISPX1 and SISPX2 promote S

growth and root mycorrhization in tomato Pabbiontion
> B QFW
I hereby confirm that this is Dr. a4 )K{vm Ok

students self paper



(Solanum lycopersicum L.) seedlings", Plant
Science, 2023

Publication

Rajat Srivastava, Suvaijit Basu, Rahul Kumar. <1
. : %
"Phosphorus starvation response dynamics
and management in plants for sustainable
g" p r)"/\)\,\»/\o\/v}____
agriculture", Journal of Plant Blog_hemlstry an
BIOteChnOIogyh;th:lnFrm that thisis ’2 hm%

Publication students self paper
ﬂ www.plantphysiol.org <1
Internet Source %

cn.bio-protocol.org <1 %
0

Internet Source

&

Rajat Srivastava, Parul Sirohi, Harsh Chauhan, <1 i
Rahul Kumar. "The enhanced phosphorus use
efficiency in phosphate-deficient and
mycorrhiza-inoculated barley seedlings (1'

involves activation of different sets, of PHT1

transporters in roots", Planta, 2021 “#< = ¥ umas
Publication
WwWw.esp.or
n Internet Sourcpe g <1 %
Rajat Srivastava, Abhishek Roychowdhury, <1 "

Rahul Kumar. "Host SPX-PHR regulatory
circuit: the molecular dynamo steerin

mycorrhization in plants", Plant CeII Rgﬁ)m

2022

Publication




Jin, C., C. Fang, H. Yuan, S. Wang, Y. Wu, X. Liu, <1 y
Y. Zhang, and J. Luo. "Interaction between ’
carbon metabolism and phosphate
accumulation is revealed by a mutation of a
cellulose synthase-like protein, CSLF6", Journal
of Experimental Botany, 2015.

Publication
rd.springer.com

InterneE)Sourcge <1 %

"The Model Legume Medicago truncatula”, <1 o
Wiley, 2020 ’
Publication
docksci.com

Internet Source <1 %
academic.oup.com 1

Internet Source p < %

Parul Goel, Monika Bhuria, Mamta Kaushal, <’ o
Anil Kumar Singh. "Carbon: Nitrogen ’
Interaction Regulates Expression of Genes
Involved in N-Uptake and Assimilation in
Brassica juncea L.", PLOS ONE, 2016
Publication
v3r.esp.or

Internet SOFL)JFCE g <1 %
bmcplantbiol.biomedcentral.com

InternetpSource <1 %




research-repository.griffith.edu.au
Internet Source P V-8 <1 0%
ublications.waset.or
IFr?ternetSource g <1 %
www.frontiersin.or
Internet Source g <1 %
Jawahar Singh, Mariel C Isidra-Arellano, <1
. , " : %
Oswaldo Valdés-Lopez. "Harnessing the
potential of symbiotic associations of plants in
phosphate-deficient soil for sustainable
agriculture", Plant And Cell Physiology, 2023
Publication
Sulc.)mltt.ed to Jawaharlal Nehru Technological <1 o
University
Student Paper
Venkidasamy Baskar, Dhivya Selvaraj, <'I
H H " H %
Sathishkumar Ramalingam. "Genome-wide
analysis of purple acid phosphatase (PAP)
family proteins in Jatropha curcas L",
International Journal of Biological
Macromolecules, 2018
Publication
Xin Pang, Yuan Cheng, Meiying Ruan, Qingjing <1 %

Ye, Rongqging Wang, Zhuping Yao, Guozhi
Zhou, Hongjian Wan. "The PAP Gene Family in
Tomato: Comprehensive Comparative



Analysis, Phylogenetic Relationships and
Expression Profiles", Plants, 2022

Publication

www.freepatentsonline.com
InternetSourcep <1 %
www.onlinelibrary.wiley.com
Internet Source y y <1 %
Jesus Alejandro Zamora-Brisefo, Eliel Ruiz- <1 o

May, José Miguel Elizalde-Contreras, loreni
Margarita Hernandez-Velazquez et al. "iTRAQ-
Based Proteomic Profile Analysis of the
Hepatopancreas of Caribbean Spiny Lobsters
Infected With Panulirus argus Virus 1:
Metabolic and Physiological Implications",
Frontiers in Microbiology, 2020

Publication

www.ncbi.nlm.nih.gov <'] %

Internet Source

Jun Kang, Haopeng Yu, Caihuan Tian, Wenkun <1 o
Zhou, Chuanyou Li, Yuling Jiao, Dong Liu. ’
"Suppression of Photosynthetic Gene

Expression in Roots Is Required for Sustained

Root Growth under Phosphate Deficiency",

Plant Physiology, 2014

Publication

Lina Yang, Chun Yan, Shuai Peng, Lili Chen, <1 y
Junjie Guo, Yihe Lu, Lianwei Li, Zhaolin Ji. °



"Broad-spectrum resistance mechanism of
serine protease Sp1 in Bacillus licheniformis
W10 via dual comparative transcriptome
analysis", Frontiers in Microbiology, 2022

Publication

Nathalie Diagne, Jacques Escoute, Marc
Lartaud, Jean Luc Verdeil et al. "Uvitex2B: a
rapid and efficient stain for detection of
arbuscular mycorrhizal fungi within plant
roots", Mycorrhiza, 2011

Publication

<1%

Exclude quotes On Exclude matches <14 words

Exclude bibliography On



